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PREFACE

Pulsed power in all its varied meanings is showing no sign of abate-

ment in activity. It is becoming a technology nf increasing importance

in numerous new and novel applications, growing from its well-established

base in energy and defense related research and development. One indica-

tion of its vitality is this Digest of Technical Papers for the 2nd IEEE

International Pulsed Power Conference. 17te crganizers were counseled by

many that rhere would not be enough material that %%%uld be covered at

this meeting nor would there be a sufficient diversity of interem How-

ever, from our first such conference during November 1976, held in Lub-

bock as well, we have recorded a fifty percent increise in attendance to

almost 300, with well over 100 invited and cgntributed presentations.

There were twenty-five attendees from 10 foreign countries including Bel-

gium, Canada, Denmark, England, France, Israel, Japan, Poland, the USSR,

and West Germany.

As a result of this growth and with the realization that this con-

ference serves as the principal forum for the exchange of information in

the highly specialized and unique field of pulsed power technology, sev-

eral actions and events have taken place. First, the present technical

program committee, which adequately insures that the interests of the

principal players in the field will be served, have been designated a

permanent standing committee to organize and maintain this conference

series. Secondly, we have agreed to hold thi3 meeting biennial, '7 , alter-

nating with the well-known Modulator Symposium. It is our present inten-

tion that the 3rd IEEE International Pulsed Power Conference will be held

in Albuquerque, NM during 1981 with Art Guenther of the Air Force Weapons

Laboratory as Conference Chairman and Tom Martin of Sandia Laboratories,
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Albuquerque, as Chairman of the Technical Program Committee.

One interesting sidelight of this years meeting was a contest to

select a conference symbol which could be used with all future meetings

and correspondence. We wished the symbol to be easily recognized and to

uniquely depict pulse power. To our pleasant surprise almost fifty en-

tries were received and from these the Techridcal Program Committee selec-

ted the symbol shown on the title page of these proceedings. The winner

was Capt. Charles W. Schubert, Jr. of the U.S. Air Force Flight Dynamics

Laboratory, Wright-Patterson AFY, Ohio. He received a Texas Instruments

TI-59 fully programmable calculator graciously donated by the manufac-

turer. Congratulatiois to Capt. Schubert and many thanks to TI.

Our conference had the distinct honor of being able to recognize the

many contributions of Mr. Peter Haas to the development of pulse power

technology in the United States. Mr. Haas recently retired from his posi-

tion as Deputy Director for S.,-ience and Technology, Defense Nuclear Agency,

after a distinguished career in the Federal Civil Service. We all recog-

nize that he has not really retired but just entered into another role and

we can count on his continued vig;orous and outspoken support for further

developuent in pulsed power technology.

Besides the excellent technical content and Texas hospita.ity, the

meeting could not have transpfrad without the sponsorships of several

key organizations. Thus we would like to call your special attention to

the following sponsors:

The Air Force Aero Propulsion Laboratory

The Air Force Office of Scientific Research

The Electronics Technology and Devices
Laboratory, U.S. Army

The Naval Surface Weapons Center and
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The Office of Naval Research; all of

The Department of Defense, and from the Department of Energy;

The Office of Laser Fusion and the Office of Fusion Energy.

The Conference was most effectively organized locally by the Depart-

ment of Electrical Engineering, Texas Tech University under Dr. Russell H.

Seacat, Chairman, and the South Plains Section of IEEE, Lewis Thomas,

SectionPresident, with Travis Simpson, Martha Smith, and Deanya Wood of

the Texas Tech EE Department, as Local Chairman, Conference Secretary,

and Secretarial Assistant, respectively. To all of these people go our

deepesc appreciation and a hardy "well-done"!

To those who worked so diligently on the organization and preparation

of the 2nd IEEE-PPC, may we add our sincere appreciation and thanks. See

you in Albuquerque in '81.

A. 1i. Guenther M. Kristiansen
Air Force Weapons Lab. Texas Tech University
Chairman, Tech. Program Committee Conference Chairman
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Presentation
at

Award Luncheon
June 13, 1979

SPECIAL AWARD

Peter Haas
Defense Nuclear Agency

Retired

"For many %;ontributions to a strong and vigorous pulse power program through
sound management, steadfast conviction and farsighted technical acumen".
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prosress and plans for the U.S. progras In inertial
confinitunt fusion aet revieved vith emphasis on

* che ;ulstd poer aspects of pelle: driver ctchno-

logy. The program has grown In five years fom
early txpe:-ents at the sub-teravact level to con-
s:ruccion of large facilities capable of peak pov-

or on target of about 100 11%. Driver technology

* opientn have broadened from glass and CO, lasers
to sc:: vavelength lasers, elvct on an light Lon

beats, and high energy heavy Ion accelerators. Ex-

cept for the heavy !on drivers, -.Aar term emphasis
has been placed on single-shot systems to establish

scientific feasibility at greatly reduced cost con-

0 pared to rep-ratt facilities. However, as thepro-
gram develops attention must be given cc components

and subsystems necessary for reliable rep-ra:ed

operation.

0 1-
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Uestarch conducted in support of the pulsed Intems i-beam gemeratiom Iattuse lLr ad heavy

power approach to fusion has resulted in the ore- ion beam generation, electro-ageptic pulse testing,

ation of an ext4ndable accelerator technology that lightning siml tLon, and laser excitation. ?otes-

could be ased at leavtls up to 100 IN sad 30 W. tially, the largest econeic impact of pulsed power
These ztpes of Accelerators are efficient (about could be L electrical power generation by inertL-4

30 to 30 percent) and for Lou outputs in the I to confinement fuslon where the relatvely high &ffL-

3 Wi run e they way provide &A approach to a .".no- cLoncy of pulse power drivers moe them the optima

Mically feasible 200 W electric pabz reactor, of the various mthods considered.

apu~elcive pulsing of the pulsed power *ystem for Th basis of pulsed power technology Is the

)- 9 hot lifetaes muet be solved along with lot ablity % store an switch large quantities of

beam -.oncincr~ctlon. bunching, and drifting. energy ad power ecoomically. The technology en-

5umma ry compases Marx generators, compressed field genera-

tors, high voltage pulse transforvers, triggered
In this paper we first describe Sandias and uncriggerd switching, pulse forming lines,

-o dular pulsed power approach snd provide projec- vacuum Insulation, magnetically Insulated lines and

:Ions concurn~ig future accelerators. beam foralig diodes. Presently, currents to 3.A

Second, the technology for repetcltvely rising at A x 1014 amps/second and voltages risind

nulsed (rep race) accelerators is outlined. Recent at A x 1015 V/second have been auhieved. The

ourg.ng results at 10$ to 106 shots wert accelerator for particle beam fusion research at

.ocaned which could lead to reliable, long life Sandia Laboratories utilizes many of these new

sy Sems• techniques.

41i4, a reactor scenario is presented which The Sandia .usion zccelerator operating so-

seu at.,e un que capabilices of the efficient quonce begins with a 'Yzrx Renerator where energy

,uljud power syscems and plasma chann&l transport storage capacitors are charged In parallel and dis-

4! the partIcles :o rovide a small, econ-mically charged in series. Since "iolcage breakdown limIts

feasible svs:e., in liquids are dtermined partially by pulse length,

short chai,;e times are important throughouc the
:neroduccion accelerator and low inductance is desirable. The

Pulsed power accelerators orlginared ac the energy flows fro* the Marx into the Intermediate

,:u ;c ,'weapons esearch Zscablishment (ARE) during score capacicor. A gas insulated trIggered switch

1-62-, In i group directed by J. C. Yarcin. The is then ccuaced :o transfer the intermediate score

first applications were flash radiography and capac tor energy :o the water Insulated pulse

translen: radiation effects studies and the field forming line (PFL). Uncriggered switching in the

h J.,ers.tfed rapidly Inco severa: areas. Some PFL then provides =any current carryIng channels

2f :ne presen: applIcacIons are plasma compression, for low Inductance and launches a SO ns ,lec:rp€cl



pulse Z Uards the vAcuM .s14Ulor. Aft.- Vassage The -vo basic drive. approaches o ZCT are

through %he vacuum L-,ular, ant of the mast In%- lasws and particle beam drivers. 5aSICAlly the
duzzivt ctuponents In the accelaratoar, the power lasers art strong; in the ability to WAXuIsda pover

ptr Unit area is Increased during transport density but art weak in efficiency and total energy.
through magnetically .-.ulated t:aMsaissian i es! ,he particle beam drivers reverse xhese :rend&.

%;p the diod es. The energy Ir. the tlectroamstc
vAve io :hea converced to a particle beam by a !usLmo Accelerator Technolotv

diodc and guided :o the target by A sapzUe:ed One of the Lportanz results from :he Sa nd!
* j'as: column which Prevents beax 4Ispersiou. NEsny ua.pt.prgmIsh aonrzi f t

beas are formed and then are ove-lapped on the 'laxLb± ty and extenabillty of %he wdulq r
:ar4e: to provide further power concentration. aVproach to pulsed power. Fig. 3 shove the hit:ory

FL-. I shos the progress and expectations In of he Sandia ICY acelarator prolra sd projets

achieving power density with electrons, and Fi. for th uue
shows stmlar data for Lou baes. Paver denaitie

o. %10l LIc are though. to be necessary fa: 100 " IA :-

pellet !gnIZIUn.

,IFA I

10 00 -

-~ 
t  Z ,,.alO _3 1 a

11 PROO

' I0 intns bes in diodes -

L7 82 -3,

1013 -0oymar
*2J

-, , Fig. 3. Pa.Cti le Sas Fusion Acelertcor"
' ' Output.74 76 75 80 52 5 86yaHydwa is ater Insulated '4th a sontle output

F-I. 1. Achieved and Projected Eletrron per line with a 1 .iV, 500 hA, .50 hi output.ao leotitie, ite r .i a two-aided, triggered all WoioIchide
S2 .', 500 aic, 20 accelerator. s oio Ae lto i

yeIaIFA I 1.5 IV, 6 at, 250 hir, a -l wthang saersoithe

LZ ($A5) accelerator, and EI"A I has 36 Modules and Is

, o iIE(SLA) designed for 2 XV, 15 FA, and I WJ. IFlA 11 will
2 JPROTO 11 he a 100 TV upgrade of EAFA 1.

" ' (under study)
C loIIPROTO 1 9 GAMBLE II

G 0 ALE U p ROTO 1 9 HYDR Fig. 4 is a cutaway conception of EFA I which(tR) ushows the m~odules and theirt ompont-li. The oucside

lostIHERMEfS 11 CSLA)
1IHYDRA (SLA) tank diameter is 30.5 z, and it is 4.8 a high. The

CORNELL 36 (6 uh) Marx generators with a total energy of
107 1 . 4 Y,.J are contained in a .. = by -.S = annular

, IC0RNEIL. .,L
._ _ _ ,_ _ __ _ _ volume which is filled with 1.9 :illion liters of

7 76 78 50 82 84 86 transformer oil. The .arxes transfer their energy
year through a 1.2 r, diameter polyurethane oil-water

Fig. 2. Achieved and Projected Light Ion interface insulator to the 20 nI water insulated
Beam Power Densities.

capac tor in abou: .6 usec. Three-megavolt gas



=,4ul can be fabricaced relacively quity and

I-neatwui~vly to check co"atibility of cempfnts,

PAmufacturing techoiqtaes, zad engineering design
prior co *Ain accelerator procurement. A first pro-

duction module La useful for physics axperiznc and
to Aciualac personnel with accelerator characcer-

iscics I to 2 years before the large accelerator Ls

avallable. Our first productLon unit noW eag

tasted is show n i t. 6. Ue see the incerdLiate

4*rg score, the $F-4 jut switch, the crig.er Iso-

lation coil, Cho two pulse foming les, the pre-

pulse Laolatice shield, and the beginning of the

r3s"aILs-on lime. FL1. 7 shows a different view
Fig. A. EFA I of the poalse fonds lines, :t craneission line

switches art :en CrIZ4 ted siultsneously and tr former an the ouatsid region of the vacuum

chare t h water insulated pulse fondri lines La Lnsulator stack. The majoetically Insulaced trans-

:30 r.s. Ten untrit , rd Vint-plsae gaps per Xission limes ad the aNode cathode arrangement are

=.dule then release X AS CA long pulse froM the shown L rig. I and 9. Typical A-K gaps are 2.5 sm

t:rt,:salssior, lines Into the 30 ah vacum insulator. for a S cs diacatr cathode.

the Penemaor pqv4.- pulze Is then conducted to the-4
:Argtc vicinity by the 6.1 a long ageicaly
insulated trasalssion lines.

Z3FA I output parameters are shown in Fig. S

!or ler.ctron ben operation. Zn the lighton node,

ss ,aa- :onctalaced. beta bunchin; due to voltage

shaping and beta drf:tit will provide uar.'ucd peak

pwtr at the target at a somewhat lower output

tnorgy.

£3FA .AST-I:N OESZC.I ?AIJ.--flrrnS

2U.LSE IZGTU - T141. 35 ns
? .'J3 1 -............. 15.0

M' ............. 1.0 .W 7i. 6. Xvdrcaat Jack Section VLew
. . ...... .. 2.0 ,X

zR ............. 1.0 ?J
E::ZY' STOFA'C ....... all Insulated - '!
?ULS-L FOFIIENC.......water Insulated f

~J~l A~S~tSSW~ agecicailly Isulated

TLC. 3. EFA P:ojected Pirx aeers.

,he =odular approach to pulse power has

sdvaral ad'an:rges. First. intensive studies ant

:n=pnent r±:, bility and lifectime can be obtained *'*'.

.n %=All nodules earlv !n :he progra. Second, no
jingla modula Uiic :h :tla or perforaance.

-r Instance, previous lssigns, such as Hydra, have 4
rise -=a l-iiccons established by swi:ch ind
-"acu= !rmlator !nducranne because oi the basi-

4c i-ral.or phTSical dl=ensions. Third, a gle FI. 7. Hydraaice F'one Sec-.on Iew
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FiL. 10. Preseir.: and Possible Accelerator
Outputs.

Uep Late ORration

Jig. 1. Mitt Hap iticaUy RIulate4 Lime. A 300 WY, 100 Ht, 30 KV average powet pulse.

has Ude In operation a. Sandis since September

1977. fficient reliable pulse power sytaens wLth

long lifetime ()l0 shots) will be needed for ICr
reactors. Continuous operation for extoended perlols

without major in.t"&uisce or repair are required.

The 30 kW rep rate satem Is shown i Fig. 11.

It consists of a low voltage capacitor bank, a volt-

* age sctp-wp transformer, a pulse forming line (PFLi,

a high voltage switch, and a load resistor or a
diode. The system uses a dual resonance transformer

for chargir the rL to provide taximum efficiency.

*The pulser has provided pulses for several hours at

th race of 100 pps. Approximately 108 shots have

Fig. 9. Mice Anode Cathode Cap been fired with no major compoaenc failure.

Slf-mapwrically insulated lines permit es-
::tny high levels of power concintracions . The

z anetic fields !rom preceding electrons trap

following electrons and return che to the conduc-
cor if== v.ich they were emicced. This process

inhibits the vacuum breakdown and electric fields ,. *

of 1. Mf/cz in the -.%in transmission lines and
7 %,./c2 in A4 gaps are obtained. These fields pro-

vide up to .16 Vlcm 2 for about 0 as and allow for m

minimal parcLclt drift distance to the target.

If the ESFA I modules are used in the full
solid angle other :ban just a plane, then very Fig. 11. 350 V, 100 pp.i, 30 kW llectron

Mea Accelerator
lare outputs are obtainable s shown in Fig. 10.

An extrapolated level of 400 TV and 16 M.1 is pos-

sible. Another method for obtaining higher output vacuu diode operation under repttLtivo conditions

would be to upgrade :he present module. This is have been investigated.

also shown.



f7tsz, the switch erosion Vas shown to have NI OL7TI SWI!TC

..*l|.Igble effe*. fig. 12 shovs t v. ciao of mi IOs, I&,-" eleetrode Ikonft,)v p 0.352
br4kown for 106 conrecutLve smht". The atanJurd "all les sMI electroe (Cluitr), 10 0.117
devIation is AA na or 1.0% of the n .anal break- Carge transfer pr tht, cl d.5 x 10.4

gown VOltAge. This data show chat there shoulda st.

be no praflres !Ot criggettd switch operation at A Charge tr etr tOe , sidmow I5

Ussonabla o-4rttng In ouch as 90Z at~ the self Action per shot, amp"-sw
brtskdown voltae. Action total, "p sa S it14

HIGN VOLTAGE SWITCH 'rtsO", Ilc"4l0 •

UR1EAOOWN TIME STABILITY Large electrW4 5.4 x 10"

Small electrode 2.3 x 104

-- -- aLargeelectrode 7 A 10'4

t 001 Sells., e ec , o"."

Ii fi,. 13. Kigh Voltage Switch ?araeters

of 106 shots at 10Q00 Ahcs a*ode loadLi. rij. It
Ij j shows the aso4, sow catho4d. The cathode became a
14 powter emitter with LncrusIng *hot$. A *as to

= restore the 'tathcdas eLsia Characteristics by
carboizIm Che cachode vej dosontrated. The
diode ipmarimes are show tn Fig. 1 .

uIkM I J

.......................... ....... ............... ......

r!;. 1., :!4% Voltage Switch Stability cS "

Mae svitch lfec.=e data shoved 3 switch 4ro-

sion r:ta w.! Z x 10-8 cn3/shoc for a density of Fig. l.. Repeticively ?ulsed Anode Cathode.

Is ;C 3 ,  1: Vas esd-ted chat a :emoval of 12 REPETITIVELY PULSED
=3 would widen the gap spacing and Increase the ELECTRON BAM DIODE

Iteiidoun voltage by 10.. These numbers provide an 10 0

Asttza:ed 1Wec'u oi 6 x 108 shots. FIX. 1.3 200 kV

"ZZL:3lz :hd 700 4V U:PUC svWiCCh :esC. 20 kA

iacznd, a !C0 kV, 10 kA a1ec:tn bean diode' . 0 W =

as snown :o have in apetling li:Ine of it least rig. 15. Repetitively ?ulsed lec:ron

::., .o shcc wich a projec:ed I!et!.e In excass Be&= Diode.



Yor Uizor: Cancent Fig. It shows efLL..tozy tffects on power rt-

One possible '200 .16 reactor systx Isshw actors. 1%Dis the drivri efficiency, Quin Is :he
.9 m nr trg ~to poll-it gain nocassaqv' to provide a 75% useful out-

ta~ he primary aner~v store, either capacitiv~e u.Tismasht5Xotheerywlb
or inductive. The eltty Is compressed and pulse :*circulated to Power the driver. The effect of
shaped as previously auzlined and then transnitte! ef ficiency on reactor chamber site and pellet Sain

through the conzalmeonz wall up to the reactor are dramatic.

chamiber by mapAtIcally isulatedi "or flow 1.11.4k14MRI

* N~..l44l ~ *~3ISt~iI(~%

Pl3 AA to.

i f'L - 7i;. It. Power eactor Compariso

Fig. 16. Particle Iw Drve Rectr Th modular XCr pulsed power concept has pro-
vided the possibily for system ranging to 1000

The reactor chamber is small (2 a radius) and TIU and 30 M(J with modest improvements in techno-
will contain 60 XJ/pellets at 10 pps. Approxi- logy a"d further Improvements in rellability. Tha

* racaly :'.W of boas energy is su~lltd to the gain rep rate capability of these systems appears good,
30 pellet. The reactor chmer costainls 50 Eorr iout the data base is small and expansion of this
of nflon-hallum which absorbos and moderates the area is needed. A reactor desiln Indicates that a
pellet energy. Laser Initiated chasmels which are ssoll, economically feasile pover plant may be
hetetd by a capactcive discharge conduct the par- posslile using this puised paoer technology.
.Iclt bass t t target. A larger view of the

*boazline geometry is shown in Fig. 17. This shows References
:he guiding laser bean, vacuum insulator, contain- 1.T .Mri,"htHdaEern axktr
ment wail, and dual Yane window arrangoolent. 71b saor," flU Transalctions. on Nuclear Science.
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Abs:rc: voltages. Te loweet c and ± . vre obtained ta-

The use of high-powr pulse technology ad explao- x 4- V and a - V" (rLg. 2). This resul: i xplaitle
sive electron **Issiol enables one to costruct now b t
puls*e electron devices. reA prectotes ot ives b h a t the iaitisl star t ofi the tri.arOn
Cho results of an intensive invescigation of hi h- breakdov process is a point (trigger electrode) to
pout: pulse eattration, electron beam 3*owtry and plane (basic eletode) discharge for which there
.Ne Application of Chese bams to the produccionof
ultra high frequency, laser and X-ray radiation. is a well known polarity effat, L.e., if the oint
This report is based on results obtained at he in- has positive polarity the breakdown voltage is &I;-
siceute o! Mig-Current Electronics.

nificantly lower than If it is charged negatively.

Oulse Ceneration With a ditcharg4 voltage of 106V and Vr N 105V we

Switches obtained t d - % 0.5 n, (Fig. 3). Using trijatron
O develop r~inosecond hgih power pulse generators trigering, maltichannel (up to S channels) switch-

one should have switches which exhibit largadildt In& was achieved -% clgavolt switches.

characteristics as well as 4eecond trigger lit-

.tr. ?fevlously, a ,,ted had bem suggesced for

controlling magavolt Ie spark gaps using nanosec-

ond duration electron bass C1]. This approach is
based on rapid elactric-fteld distortion when an

e4ec:ron beat with optiam values of beau current

and power are injected into the gap. For a dis- f

charge vol:age of 2 x 106V, a delay :!a, zd -

S L I ns, has been ,bcataned using a 200 keV *lse- I

tron beau of 20 ns duration and a beau current of

,he characteristics of t igatron Magavol t switches f- Ai w * * :; -W . W -. , PP iM e.
was also tnvesciga:,5J trig. 1). It has beend- . t

terined that with such triggering, nanosecond de-

lay tlnes can be achieved only when the Initiation Fig. I

is carried out with electric field distortion at
the :ip of :he : rggering electrode. It is neces- The effect of gaseous mixtures (SF,, N,, Ar, H.) on

sary t.hat the discharge develops simul:aneously in triggering and comucaction characteristics of - sa-

:he main gap and triggering region. volt switches were Investigated. It was found that

the Addicion of Ar to high dielectric strength gas-

'he dependence of the delay td and trigger stabil- es such as SF6 r- lecreases td and :d and 1r-

I.?- d e nvestigated for both polarities of proves multi-c operation. However, large con-
:he Cap, the applied voltage V and triggering Vt centrations o. g asous mixture increases
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: switchin; time (Fig. 4). Therefore. to improve

caord."..ans (cc patrsalle operAtrIon of A large nue-

ber of spark channels, one should use small (up to 4 -

hI%) addL" ions of At which do not resulc In sigulf-

icint de radacton of th svitching ptoceds.

tj j

/ __ ____ ____ .~,0xiftVP-SM 0/ the VWJQv.' d,opV ill

hrffesv V1 r ig. 4
-- 4" " - ,

rp WItf0" o &nu'-.stlv V J4 arx Pulse Conersaors

In some cases, in particular for paralleloperation

Marx pulse generators musc be triggered vith a min-
'ri. 2 itma variance In trigger delay. A MArx generator

with operating voltage less than 3 MV his been con-

r  
otrucz~d usi.ng three-electrode gas in which the

- -central electrode is capaci:ively coupled co that

zo -of the preceding stage. the generator wes con-

Isctucted with segmenced stacked stages and imersedI in a column of oil. Along the stages there is at

12 c 0 Column of raps which, after each firing. is flushed

4s0and refilled wich dry air at pressure of 1-2 At=.

I '"hen operatiart into a 170 ohn load, the Yart gentr-
-' acor mean delay time is 350 ns wich an operating

ziie jitter of 5 no and output "oltag rise-tize €
0 to0 1!0 zoo 25 0 Vk V 60 ns. -he charging voltage per stage is 85 V.

The Me.rWutrn It VS ir 'firy p t The generator's self-nductance is 13 PiH and con-

cl,! edC 'V, at VairiUJ ,ow-Va tains 33 stages. P:essure control in the ;ap col-

Me y CA p ~/J#J /- I-IJ,/,x.J ; .m= enables one co adjust the delay c!.:o from 350

"O75S 3" to 550 ns. The generators can operate both Inde-

;endently and In parallel and are principally used

F ;. 3 for switch testing. One of the above generators
ran act as a pri=ary storage for an electron pulse

accelerator using a wacer dielecric. The accelar-
acor has :he following parameters: an electron
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beam volCage up to I XW, beam curront - up to 300 A calculation for the *'todule" installation Iadi-

M, pulse-duration of :he electron current is 7Ons csces one can achieve a compressional speed of 107

Th:ough A controlled comutator sinila storage L.znd tenoaratures of 1 koV.

line o! 39 oh: lpetdnce is discharged through a

coaxial transformer of 2.3 ohm Impedance, The we,.

electron be:: is formed in the diode, containing a

disk insulator. The inzaraltetrode spacing dbeing

of the order of I ca, ratio X/d 1 (! - radius

of cathode). Using the accelerator, we have in-

vestigated the regimes of electron - beam gometry -..

i, diodes with a large value of v/y. To analyze

:he plasma generated in the diode, laver scatcering -

off plasma electrons and incerferometry are used.

*a to tithe very low jitter in the operation of tht T
Marx generacox and gap, good coincidence of alec- :."; /, l ,, Z1,

:ron current pulse and laser diagnostic devices -

was achieved In the accelerator. rs.

The "4odule" Installation Hith-Frequency Pulsed Electron Accelerator

At the Institute of HIlh-Current Electronics sever- A relativistic ele4cron beam accelermr with pulac

al pulse generators have been constructed, each of :petition freouerzy of 100 H% was constructed At

which is used for various investigations [6). one the Institute. The electron energy was 5 x 105 e,

of then, the "module" installation, has the follw- current - 5 x 103A. pulse duration - 25 ns with

inS paramecers: output voltage is 2.3 MeV, cur- rise time of 3 ns. A pulsed Tesla trans formerb il

rent - 2.9 MA, total stored energy - 100 kJ. The in the pulse-forruig line was used as a charging

installation consists of six parallel coaxial lines arrangement for this line (Fig. 6) [7,61.

vith water Insulation discharged through gas gaps

into a common transmission line (Fig. 5). This High speed gas flow between the pulse sharpening-

line is then discharted into the load. A11 six Cap electrodes was employed to obtain low Jitter in

lties are incorporated into a common vessel and the pulse generator. It was shown that at the given

charged with a pulsed linear transformer during pulse repetition frequency, a Jitter lover thin 1%

1.. x 10-6s. The pulsed linear transformer is con- could be obtained by selection of proper gas ilG..

strutted as a set of 14 similar sections. Each

section includes two transformer stages whose pri- The electron beao was formed in a foilless coaxial

-.aries are connected in parallel and the secondar- diode whose cathode was placed in a homogeneous uag-

les In aeries. The primary energy is stored in netic field of 5 x 103Oersteds. The beam was crans-

four capacitors. ne transformer has a ferromag- ported in a cylindrical vacuum wave guide with the

notic c.ro. beam being deposited on a cooled collector. Studies

of the vacuum diode operating stability showed chat
The "Module" inscallcion is used forinvescigacing variance of the total diode current and cathodevol-
-agnetc€ compression f e lectrically vaponi:ed chin tage pulse parameters depends on both the cathode
cvlindrical liners. thmerical calculations =ade material and the electric field strength at the e-

using mgneco-hydrodyraic computer programs show mtting surface. Reproducibility < 10% could be

the efficiency of suc.,' compression method for achieved in diode current end voltage.

obtaining very high plasma velocities (2 x 107

cmls), hih densities and temperatures (some key). This accelerator was used in the construction o a



hih-ord.."2+ A-. later (M.ficiancy ', l.SX) C91,-

.And for constru.cting A pulsed 100 M tmicrowave tadi- WMP A1VAtAMVL

ation ;tt.drator (prf - 50 Hz, tff~icincy % 10%)

(103.

Lrctat n Accelerator Miods

The Xact-tal and Shape of !mitters----

At present, explosive emitters of various materials

and thapes art used In cathodes. Froct the litera-

ture It it often not clesir in what way. the emittr Asset L

:Aterial and ;tometr.y are chosen%. Since explosive Fig. S

emission lead* to eamtr erosion, it Is obvious

that for long-lived explosive - cathodes thosemest

preferable are emittrs with constant crosasictions
as i funct~on of height (foils And vires). WlA

a £4Djoky
A controlled number of emitt.Ing centers on thecath- JV

ode of a larga surface can be easily created using I 50W

thin-vire cylindrical emitters. However, In this104op

case, some problems arise concernI the choice of0

mater~sl and optimal emtter diameter, I.e., a dia.

=atr for vhich the electric field strength is suf- 0
ficent fot *xciting explosive emission during the2

pulsed vol a;t risenlme while. on the other hand. liA,
loading to =Ini~i emiLtter erosion. A study showed L ZOA .I

ta for each specific set of operating conditions 10 40 60 80 '
there U~ 2n optimal diameter whose value itcresses DO*W0Qo .th as" risa pe pulse

"rM the Cylinder Calbed on the *"%%o.r
ultzh pulse duration and current amplitude. The Im- im~

~jjr"tncv of the opcimal diraeter is illustrated in Fig. 7

U, *4 3kV AU
As 4 result of breakdown. erosion charscteristlcs is W e

snd 7ar~ttters of originv:Lg X hiskers were Seter- !I0SA

=Lned for several 4mitter %carials. From this -R

study A set of materials preferzed for creation of a-t,4rr

long-lived explosion-emission cathodes ws derived. 2 0 f

zt:ars made of different -Aterials having iden-ti- A
cal ;eomtry vare tested under simil.2r conditions.

:he :esults of these experiments presented in Figs.
a and 9 indicate that copper emitters have the best

or~sion reproducibility,.s

:a.UndricaI :opper emitters are ?referable for con-

scruting explosior-emissive cathodes cf large sur- 0 *1s
iaca area for operation under repetitive firings in Fi.S dn*o k*se reoval frM 'he

.1iodes evacuated b-. standard oil iacuum puapVs. ey1!11rAr *iniier on :b. pulse n%*=tr.
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neoic field approximation) is that the electronen-

*Ti Alf M a ujmc th eay In the drift tube can be tvice (or more) as

I____ I 9". I-y large as the initial energy of the bea-, with %he
A•pulsw J -10 s 4 current being equal to the limiting generator sys-

I - J5 ivo current. Measurements performed of ba curent
I -~- £8 5 &,--A potential for these hollow beams at* in a good

aireement with the results of the analytical andSnumerical calculations. This enables one to con-
W.,, 2- J 8 25 25 $ IS' Z5 ude that the bean current is determined by the,c-

coloration space it the diode rathr than being

'.. 'o o L i $ 0 0 50 fo soIlimited by the generator system, as has been previ-

1/a X V; / -50 S z ; P a .° ro'r ously suggested in a number of theoretical and ax-
perimnt l works.

'Test reelsce of the fell 
mittes.

Fig. 9 High Power Cas Lasers

X.atne:ic Insulation of Diodes Investigations of pulsed gas discharge lasers sus-
tained by an electron bau vera mode at the mnsci-

At present, hgh-currnt hollow electron beam form- cane by an eleOtr vara md tt e Insti-
diute 120-2.1. Our array of electron-beat accelera-(dFin.1illess ideyswth insultrabig quinc - tors and pulsed pover supplies allowed a parametric

(FLi. 10) at e widely used inutahi h freuecylly- investigation of discharge characteristics (energy
picuatoes. Recent investiations of magetically- content, volt-ampre characteristics, and stage
insulated diodes, an extension of our ork publishad volume) to be ,ade over a wide range of pulse dura-
in 1970, showed chat the current pulse duration is tions from 10-as to 10-s. Gases studied incloided:

nitrogen, C02 + N,, and mixtures of noble gases with
a magnetic field as a result of cathode-plasma ex-
pansion. The breakdown velocity across a magnetic halogens Ar + Xe + NT3, Ar + Xe + CC1A, etc.
field of 1O;Oe is 5 - 3 x 10 cxls, and along the

fiel of104t i 5 8 105cw/, ad aongthe Using the results of these investigations severalfield 2 - 3 x 107  cm/s. The breakdown speed ac:oss n e er e s rs have b ee c onscted.
the magnetic field can be decreased by a factor of
2 - 3 when the cathodes are constructed of separa- (a) "LAD-P" - a laser operating at atmospheric
ted emission centers(16). The study shoved chat in pressure with an active volume of 104E. The laser
a magnetic field the plasma homogeneity at thecath- uses a mixture of CON: N-: He in the ratio of 1:1:1

ode increases. It was shown chat by decreasing the An electron beam was injected through an aperture
screening effect of the magnetically confined elec- with a cross section of 10 x 100 cm covered with a

tron layer as well as by multiplication of emissive titanium foil of 50 um thickness. With an electron
centers, improved performance results (17). Figure beam density of 1 A/cm2 and a mean electron energy

11 illustrates the growth of the emissive boundary of 200 key for a duration of 10-6s, the energy in-
with reference to the initial center of emission. jected into the gaseous volume was 4500 J, and raii-

The study showed that using cathodes with explosive acion energy (I - 10.6 us) was 500 J. The laser
emission in the magnetic field enable one to attain efficiency was 30%.
a highly stable hollow electron beam with acurrent
uniformity of better than 1:. (b) "LAD-2" - a laser with an active region

volume of 270 1. The electron-beam cross section
Theoretical (18] and experimental [19] investiga- was 30 x 300 cm. An electron bea= of 0. 4 A/cm den-
:ions of the perveance of cylindrical magnetically sity and 2 us duration was employed to excite the
i:sulated diode were made. The most important con- medium. Laser operation was very stable at a field
clusion of the theory (using the strong guidingma- strength of 4.2 k'/cm using a mixture of C02, N2,



Ind He. The ?ever source was a capacitor bank of nificantly [251. e were able to construct a mini-

15 .T capacitance cha:ged to 125 kV voltage. The acure X-ray tubt of 10 = diazeter, powered through

laser output was 7._ VcJ, an efficiency of 6. a section of coaxial cable (7.5 = external diameter

and 50 cm In length). The power supply was a nano-

(c) A tunable CO laser covering the range of second generator from the X-ray device I'X-2d (rig. O

9 to 11 =u at 6 atx pressure o C02 :'2 a 1:1. A 12) which charled a suba.nosecond pulsd formLnglint

smooth tuning was obtained over the .fotvemntioned over 3 - 5 nas, providing a high over-voltage on

spectral range. Inividual K and P Lranch lines the sharpening lap. Pulse duration was limited with

were easily Ldoncifisble over A range of 86 cam1 . a crowbar switch.

Spectral frequency scanning was accomplished by

use of a diffraction &rating. The output energy .easurevents, %Ade using a magnetic analy:er, of the

density of this cunablt radiation was 5 J/ca2 at electron energLes In the tube, showed that when

:he line center with % 504 modulation ir betveen charging the pulse :oriog lint to 150 kV for a

lines. Pulse duration was 40 as. pulse duration % 0.5 as, tha voltage in the tubewas

S0 - 100 kV. Oucpur. was limited by line and sharp-

(d) Savers! xzimer lases are being invescti- ening gap losses. The maximum radiation dose (SOud.

gated which are excited by both an elecgron beas par pulse at the distance of I cm from the anode)

and a sustained alectcic discharge. Using the e- was athieved with an anode-cathode distance of 0.2

beam excited mixture Ar + Xe + CCi, Xe&C molecule m. Novevfr, in som cases, holes of 0.1 - 0.15 =

:diation (X - 308 na) with a radiation power of diameter were produced in the 0.1 m thickness tung-

10 J/L and an efficiency of 3Z was obtained. scen anode. increasing the rap to 0.5 m decreased

the dose to 25 xl/pulse, but provided a prolonged

A discharg. supported by a 50 nsec *-beam enables operation of the tube and anode. Results did not

one to excite XaF and XeCl to output paver of 105 depend on pressure variation In the tube over the

'J1C=3 with pulse duration 2 x 10-8s,. range of I0" to 10- 3 torr.

Pouerful ?Ano- and Subnanosecond X-ray Pulses in this regin the electric-field strength at the

A series of a pulsed X-ray machines with radiation inner cotductor of the coaxial cable is I V/cm;

energy from 90 to 600 keV was developed and manu- therefore, Its lifetime is limited to 105 pulses, at

factu:d In the USSR for flaw detection in materi- which time the cable is replaced. it should be

als. -he use of nanosecond pulse generacors and noted that the impedance of a cabli Insulation

X-ray tubes based on e.plosive emission 7er=itted breakdown (single-channel) is so high thac it does

tht reduction in overall si:e. Further decreaes not in fact influence the dose value. A halvint of

in the nanosecond X-ray emitter sizes is limited by the dose per pulse -as observed only with the ap-

:he non-reproducible breakdown characteristics and pearance of 5 to 6 breakdown channels.

by the value of the anode-cathode Zap in the vacu-

un X-ray cube. The dose value and small size of the tube focus can

make it very useful for flaw detection of Industrial

Investigations of vacuu= diodes In the subnanosec- goods with both narrow and bn 3 cavities.

and range showed :hat with pulse duration shorter

than nas the incerelectrode gap value can be de-

:reased to 0.1 - 0.2 = without danger of its

shor:ing by a cathode flare plasma. The currenc

ens cv ac :he anode :3n be raised zo 106 Alcn2

ui:hout the use of special focusing devices, and

the cube vacuuz Insulator si:es can decrease sig-



15

-In terns c ions.' Confrncear n s hnona' s c toni: d
Seh1Sn, P:kshe,19, p. 197,

A. A. achoninov, V. C. Plyana-. B. M. Koval-

11. . A. Asysts Yu. . ?lt, (Soviet Junl ehi

, ' . Sclianifi l nstrumnt), P:ibory i Tkhlka Ex-

ap hisni, #2, 194, 1973p. 103-10 5

nov1ch, G. A. ,yats, Yu. F. Potalits,
(Soviet Scienific InstAumens), ?:Iboi h d

0 roic)Raioekhnika ±kprsaa A, 1975 k, 5 v-91

6. (Newvs of Thermonuclear Tusion*s Research in
i ngUltor, 2 - cathode shanrk, USSR), Movoxti Urmoiadarnych Isledovanil v

-catode, 4 - Solenoid, SSSR, , p. 6-7, 197t.

-Far1day cup . G. A. irsviysi, V. V. Hsys, V. P. ospov,
- --- .. ribory i TaktnmikI Eksperivenra, 02 p. 102, 1969.

roig. 
E0 8. &L , Vi i In ioaE

primnte 1976, 9.

, 9. Yu. 1. lichkov t.al.. (Letters to Sovit Jour-
n Ternaincal Pysics), ons" ahurnal Uandlc"
h7ko l o zikri 022v .2, 1976, p. 1052.

10. V. 1. elousov, .. ?ism&- Z.urn. l T s nic-
**skoi r izlk , 23 v. , 197 .

11. C. P. Basheov oe.al., (Sovi t Jour al Techni-
cal Physics), #6, v. 43, 1973, p. 125p-1261.

17. D. A. Prosaurovsky, . 1. Yan.el.vicch,
a) to 3 A(* n b) tP u ls .Soviet (adio, 1s and Elec-ic n io, n ac-0 0 3)" ronics), Radiocakhalka i E1aktranikh, 02, v.21

Alt.e11 1976, p. 3 2-3.9.

13. .. A. LitolnhV, G. A. . yacs, D. .. PAO.kOU-
1 ovsky, X. B. Yankelevalch, VII International

3. ft AA cno V-- ea ,3 .oa Symposium on Discharges and Electrical Insula-
.. in eion in Vacuum. Albuqueru, 1976, p. 55-69.

A -ra I :w 14. R. 3. Bkst, andG. A. 4,yats,,roe. V In=-
aw te6mIl rnational SymposiumI an Discharges au~d Elec-

I J*V trical Insulation in Vacuu=, Waterloo. Canada,
1970. (also Irvestiya Vuz, Miike, #7 1970,

~p. 144.

15. R. B. Bak~st, S. 7. Bougsav, V. 1. Koshalev and
G. A. Metyats, ftoe. 11 International Topical

*Sr aConfnrenct tn b lh corer Enectron an, Pon cea=
-Research and Technolog, Ithaca, 1977, p. 761.

ig. 12 16. V. . Koshelv, (Soviet Plaism Physic), Fi-ika

Plezzy, #3, v.5, 1979, p. 696.

Refeences 17. G. A. eyaa, D. . rokourovaky, V. F. Puch-

1. G. A. Masyass Generation of a N;anosecond, High karev, ftoc VIII International Symposium on
Power Pulses, Soviet Radio, 1974. Discharges and Electrical Insulation in Vacuu:;

. . K ovalzhuk, V. V. Kreav, G. A. "Asyats,Aluere,17,pC-.

Yu. F. Potalics)n, Prot. X International Con- 18. A. 1. Fedosov at.al., I:vts:iya Vuz, F!iW,
Ifareone on Phenomena in Ionized Gases, Oxford. 010, 1977, p. 134.

197!.
19. S. Ya. Btlo~ytsev, et.al., VIII International

3. A. A. E1chaninov, V. G. Emelyanov, B. M. Koval- Symposium on Discharges and Electrical Insula-
chuk, Yu. F. Potalitsyn, Discharge in Megavolt tion in Vacuum, Albuquerque, 1978, p. E3-11.
Spark Gap Initiated by Electron Bea=, Proc. XI



16

10. Yu.Z. Bychkov, YU.D. Korolev, C. A. Mesyacs,
(Savitc Physic's News), Uspakhi Fi:1chookikh
Nauk, 03, v. 126, 1973, p. 451-477.

21. S. P. laugaer, et.al.. Pij*A Zhurnal Tekhwach.
askaL MLiki, *10.v. 1, 1975, p. 492-496.

22. Yu.1. Bychkov, otal., (litters to Sov. Jour-
nal 7ebn. Phys.), Fisme ZhurrAl T.khnicheukoi
FLzikd, 0!, v. 2, 1976, p.3 12 - 216 .

2.Yu.X. Sychkov , raI, (Soviet New Academry of
Sciences USSR) .114, v. 1, 1975.

24.. G. A. XAsyats, PismA Zhurnal Takhnichtskol.

25. 0. A. eAayats, V. 0. Shpak, ?lauma Zhurnal
Tekhnichookoi Fiziki, v. 3, 1977, p. 708.



I;

NEW HYDO EN THYRATRONS FOR ADVAN(CED HIGH POWER SWITCHING

0. Turnqulst, R. Caristi, S. Friedman, S. Her-, and R. Plante
EG&G Inc., Salem, Massachusetts

X. Reinhardt
Consultant, Lexington, Massachusetts

ASTRACT with a power gain of the order of 103 to 10- , and

Recent advances in high power switching have led a stable, very low conduction imoedance.

to the developent of new hydrogen thyratrons
operating at high prr and high di/dt with low The inherent advantages of thyratrons over other
Jitter and long life. types of switches mandate the extension of thyra-

Short commutation times, dependent on internal tron tecnnoiogy to much higher voltages. currents,
pressure and geometry, and on the method of and power levels.
triggering, combine with Inductance le than 1/4
nh/kv to give di/dt on the order of 101 Weres
per second. Experimental results are in agreement
with those predicted by newly derived theoretical Table 1. Present thyratron maximum ratings vs.
models. new switching requlr~mnts

Operation at peak currents up to 75 ka has been
achieved for 10 us pulses, and much higher cur- Typical lmmedi . e
rents can be achieved at shorter pulse widths. Standard New

Thyratrons Requiriments
Tests at 1 MW of average power have verified

0 thyratron scaling laws at tens of eres average
and iciloamperes r.m.s. Thyratron operation at VOLTAGE HOLOOFF (kv) <45 50 to 250
average power levels far in excess of I MW is PEAK CURRENT (ka) <5 20 to 50
possible. di/dt (a/s) <1010 0.8 to

5 x 1012
INTROOUCT!ON AVERAGE CURRENT (Adc) <4 5 to 50

Hydrogen thyratrons satisfy the switching needs of PEAK POWER (W) <2 x 108 109 to 1010
many repetitive pulse power system. Thyratron AVERAGE POWER (MW) <0.09 0.1 to 10

designs originally developed for pulse radar use
have proven to be sufficiently flexible to accom-
modate a variety of applications quite different
from radar modulators. However, new switching HIGH di/dt
requirements have arisen that cannot presently be
met by existing switches of any kind, and pro- We have been studying tube operation at high di/dt
jected requirements are even more severe. In up to I012 weres/second, in a regime where
general, a ten-fold increase In thyratron capabil- the tube itself has a significant effect on di/dt.
ity is necessary to meet present requirements, as We have identified, analyzed, and controlled the
shown in Table 1. major factors that determine the rate of current

rise. These are: 1) the trigger plasma density
Hydrogen thyratrons are desirable In many new and distribution at the onset of comutation

systems for the same reasons that led to their (determined by the grid configuration and the
original development. These are: 1) a repetition method of triggering); 2) the plasma growth rate
rate capability of some tens of kilohertz, limited (determined by the fill gas pr(essure); and 3) the
by high voltage recovery times of a few micro- effective inductance (determined by the distribu-

seconds; 2) life of thousands of operational tion of the internal discharge as well as by the
hours, not limited by coulomb or pulse count; and geometry of the tube and its external current
3) a very low time Jitter (less than 1 nanosecond, return).



Tricgerinqthe ordtr of 101 1 Ions/Cti3), the wu tdall
wijtatt, regardless of the state of th(tO, a'

'~o achieve minimum switching delay and W~IM&A, near the Cathode. If a weak ailliry svir.1 tj
circuit. di/dt%, the tube =zst be designed for used it.g. , 20 to 100O*a), triggering 0en,~ .~l
1,;0i votration and the correct Pnethad of trig- not be rachtd, and a separate contrtil '.-. !4
,i!nq aiit be used. aNiJt thtn be used to trigger the tat h

undtsir.~bl; wt have previously repor~i~ r'nz
S.,tah, mt best Initial conditions for com di/dt Is lower when the trigger pulse il 4- wk'fw
w~oivl t~ igger discharge mtust establish a to the control grid as opposed to the a'dary

relat.ely Mi~ xlasxma density near the cathode rdO
yvArface. To obtavt' low Inductance, the discharge

w*V !ev~r the~ cathode surface to the One way to avoid these difficulties is . A;1
0AVL T; ild this process, an auxiliary the Interelectrade spacings (and ambiputar o1f'.-

:.ri -i1 oIs .*.FiqWr? 1 *hows sion tiikaes) large. However, long spacings arf.
an low-INductanc. li-Agn. The Inimical to low inductance, AN~ for the purp* i
auxiliary grid, 41, Is located litewon the of Increasing dildt, negative bias can 'ervit the
cathode avd the control grid, an;,' Its geometry Is same end. In the example of Figure 1, the elec-
designed to confinet the trigger plas-ra near the trode spacings are reduced to 2-4 w~. To prevent
cathode. premature commtation, negative control grid bias

Is used. Figure 2 shows tho effect of bias on a
To :ully form the discharge before c,'wunation, 54,silar (but slightly smaller) tube. The ef'fect
the auxiliary dischir'3e Is prep,-.,sb. wtti as hi~ of the bias Is to lengthen the 0wn availabile fn *
a current as Is practirabie. W~.e had good the auxiliary current to grow and to spread on
results with in auxiliary driver which products an the cathode. A small bias produces a significxnt
open circuit voltage of 2 kv with a source Imptd- Increase In di/It.
ance of 10 ohm~s, and a I-us pulse width. Higher
drive has not produced observable Inprovtments
with 3-inch and 4.-inch dimmater tubes.__________________

- IY- 3013A
114C. P xO.75 TORR

JACXCT4

cc 3

/H 

ZERO BIAS

-.10

IINANOHENAtES)

-%ND CATHOOE - jsTIME
qESEMVCIR FLANGE 5ns

Figure 2. Effect of negative control grid bias on
anode current rise.

Figure 1. 3Y-5313 :hyratron cross section.
7he increase In dildt with Increased cc.=.utation
delay is in accord with reasonable plassza procuc-

Snian current auxiliary grid prepulse Is neces- tion rates o106 to 1C8 Ions per second). Calcu-
sary but not sufficient to achieve high di/dt. lation of the effects of bias as shown in i1gure 2
A~en the ton density near the grid baffle aper- yields a M. !ncrease In di/dt: 4e have :bserved a
:Lues -eaches; a hign enough value (apparently an 25% Increa-.e.



Commtation Vith standard transient analysis techniqlues, this
model his been usfid to accurately predict the

W~els for 'he Coututatln2 Thvratron rising portion of the current waveform, the time
and magnitude of tht peak current, and the width

Wt have nov dtvtlcied models for the hydrogen of the current pulse for thyratron-switched pulse
thyratron that can predict the behavior of forming circuits. An exaple Is shown In Figure 4.
thyratron-svitchtd pulse circuits. We assum that
the tnyratron can be modeled by twuo series ele-
ments, a constant Inductance, dependent only on a1z 4 "de
geometry, and ~n exponentially falling resistance 2IZlNg 3013 o

*or voltage. odth a time consta..., -.1 dependent ZA
only on gas pressure.

Analytical Approach

This approach treats the commetating tube as a 5 o,3Oe
*voltage source (in series with the tube's Induc- 0 k

tance) acting to ooKse the rise of the circuit2 /
current. The instantaneous source voltage isI
shown In Figure 3. EXPERIMENTAL

THEL)RETICAL

*, 0 10 20 30 40 s0 £0 70
TIME ins)

ONt e (1) x V, (2 -"elI) Figure 4. Comparison of exierimental and
theoretical anode currents.

0 Its Nwiterical Apoc

Wavtform of the volts" source, e(l). The numerical approach gives equally good results
by treating the coutating tube as a time-dependetnt

TRANSMISSION STRAY resistance, R(t), In series with the tube Induc-
LINE CIRCUIT tance, LT. R(t) Is assumed to decrease txponen-

ZINDUCTANCE tially and the differential equation of the circuit
L-LT R-Z, Is then solved numerically. The numerical approach

can be extended to mort comlex tube models such as

L, THYRATRON those Involving a time-varying discharge diaeter,

e 
a 

b VOLTAGE or to time-varying loads.

001 DROP Resistive Fall Time

growth In the grid-anode region (sometimes called
Figure 3. Circuit model of thyratron. the 'resistive fAll time") Is a strong function of

the tube's gas pressure, a trait shared with

*The time constant 71 depends only on the gasotegadicreswch.

pressure, and it decreases as pressure Increases. Figure 5 shows the total voltage fall time as a
typical values for Tj ire 10-30 ns, corresponding function of pressure for several types of gas
to total anode fall times of about 5-20 ns. The discharge switches in high Inductance circuits.
"steady-state* tube drop is Ignored, and e(t) *0 Although the data are Imprecise, and various gas
for t > tf whenl the thyratron behaves as an species are involved, the relationship evident

*inductor, over 9 decades of pressure is striking.
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LM PV 1 Ing can occur. Within this region thert are other
UH9 upper bounds determined by the Inductance. The

9* VAC0U Gregio ofreatest Interest lit& bttuen difdt/Y
Z M~aa t...~ 1 values of 10 and 108 "rssecond/volt.

r, rr sd on M411VOIa
- It is obvious, that high oweating prtssure Is

to'- -required for fast switching. for hydrogen thyra-

CFCs is YOR0OCN trons, this means 0.6 torr or higher.

to0 H2, 02 Inductance

KRYTRN., A~ Provided tha: the Initial plasma conditions art

SHe 13 CA properly established during triggering, and thatW ~i- the resistive fall limit Is not reached, then the
Nt, 01, Xt self-inductance of the tube and Its current return

4 will dominate the switching operation. The indijc-
1 o'*1 a tance can be calculated from the physical dImen-

to", to-, to, ter, 1o 103 10' sis of the discharge and the current return,
PRESSURE (TORN) making the assumption that the discharge flits the

tube to the diaettr of the grid apertures.
Figure S. "ResistiveO fall time (closure time) as

a function of operating pressure for To achier low~ Inductance, physically short
various gas discharge switches. versions of standard tubes have been built and

tested. Figure 4 shows the results.

using the analytic =odel. %t can characterize In a low Impedance Uluitlin system, we have
the family of gas swfxches, plotting the average achieved dI/dt a I x 1012 &veres per second at
value of di/dt ;tr volt switched, as a function 47 kv with an 11-5313, consistent with calculated
)f pressure. Figure 6 shows that for a particular values. Testing up to 2 kHz and up to 50 kv
ortssure there Is a corresponding maximum di/ut Is continuing with this system.

10 KNYTROM
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Further Inc iasts In tubt diamter and Improve- to
otnts Its gtemttry art projected to give Inouctancts 0PATK

of only a few nanohenries. and dildt per volt REGIO
s oproaching 1-; amperes/stcondlvolt. go0

HIC UXI VOTA E SIGMS > 710 .2$! DWELL, 0.075 GAP

Hipn voltuge implies long inSulators aMW long, W

multistage tts with low oressures. Lowr ~ 4
*IrcduCanct and short com -tatien times Imply0

short tubes with the minimwa numor of high
voltage stages, operated at high pressure. Since 31 so - ZS DWELL, 0.140 GAP
conventional insulators art eant to operate under0
adverse environmental conditions, much of the
necessary reduction In Insulator length Is possible cc40 IS DWELL, 0.140 GAP E

Ir l by usin mor highly stressed Insulators 0S A I

Pulse Charging 300.440 GAP
~(2MIN.@PULSE

Command pulse charging, with only a short dwtll 20 4tS RUN-UP
time at full voltage, gives an Increase In dynamic LWRPTTO
over static breakdown voltage that can be used to LOW ETIO
advantage to reduce Insulator lengths, reduce the 00. !3 04 !5 !5 0 08
numiber of high voltage sections, and Increase the 0UB 0.3SUR 0.4 0. 06 R T 0
gas pressure. Figure 7 shows the effect at two TD RSUE (OA
anode-grid spacings. The pulse charging advantage
Is clearly seen. giving high breakdownl voltages at Figure 7. Ancde breakdown voltage with pulse

*high pressures. charging.

In fast pulse charging, the applied voltage Is
distributed across the various st)ges in accord-
ance with the interelectrode and stage-to-current- ANOOCT SEGMENT
return capacitances. The distribution will be VOLTAGE\ /
nonuniform, with the highest voltages appearing cl c./c

*across the upper stages. Figure 8, shows a case ANDE___CTHD

with constant capacitances. Substantially uniformENTED
distribution can rtsuct only when C2(<Cl. *o00 1 CIc 02
Alternatively, the capacitances can be tailored to
provide a more uniform distribution. The maximum So.
tpy is thus determined by the maximum voltage ,. ~30% OVERVOLTACE
tolerable by the upper stage. An opt imum number Ov'N UPIPER STAGE
of stages exists. T~O OTMMPITFR4k

~ ( MAXIMUM STAGE VOLTAGE
An Important further set of compromises in theSo AN 5kTO L
design of a high voltage, multistage, low induc- A4 5k OA

tane tyraro cocers he elaiv di5tr of 10 NOSGMdCTS 15
the tube and its coaxial current return. The W-

* demand for low Inductance requires a close-fitting
current return, in conflict with the need to 40'

0 g 7 S 6 11 I IZ 13 14 IS
reduce the capacitance to ground. Furthermore. SEGMENT NUM8BERINI
the dielectric stress between the current return
and the tube becomes significant at high voltages.
Tie usable tube-to,-current-return radius ratios Figure 8. Voltage distribution on multistage

* are. found to lie between 1:2 and 1:4. tubes.



aterialsM ISSIPATIO

The lower lInit for the stage length, and thus the Thyratron specificatoqs contain a *Plate !rek-
kinlfto Inductance for A practical " tv., is dn Factor,* M, Intended to I ,at anode disslpa-
partly determintd by the ceramic breakdown prover- tion to tolerable ltevls. Although It has long
tits. it have therefore Investigated breakdown been recognized that this factor ii Inadequitt to
for insulators subjected to spatiall, nonuniform descrlbt the problm, it has only recently been
stress patterns with high voltage pulses to possible to quantify anode dissipation In high
stoulatt actual operation. we conclude that dil/d4t circuits. The result if our analysis Is to
for tubes operated In oil, pulse holdoff at a replace the old ?b factor with a new factor,
cernic stress of 50 kv per Inch is acceptable. defined as
Curing Switching, the upper sections of the tube
are stressed to progressively higher levels, until :b a voltage x repetition rate x dl/dt

the upper section must hold off the entire applied (epy prr dildt)
voltage, perhaps for tens of nanoseconds. Under

these conditions, a stress level of 150 v/inch Is The =60 described abovt has been used to calcu-
eting used In cur exptrfments. late 3nde heating wehn switchirg a transmission

line charged to a voltage, V. efining a circuit

Hich Voltage Yhyratrns tine constant, L/Z (with L the total switch and
connecting inductance, and Z the total ipedance

Figure 9 shows a design for a flve-stage, z50 kv of the lint plus the lOWd diree.tly Across the
tub#e based on the principles described above, switch), we can show that th, anode dissipation

ccopared with a 10-sta :ute designed for 250 xv energy per pulse, V, Is a "unction of TIL as
operation In air. The latter operated at over shown in Figure 10, and tne power dissipation is
ZC kv, at high peak and average power(4,S). directly proportional to 5b, Mnode dissipations
Tubes of the new design are expected to operate at consistent with the .oove calculation have been
Z50 kv, with peak currents in excess of 20 ka and observed in practice for tubes operated at high

pulse repetition rates of at least I Mtz. Calcu- dildt.

1ated Incuctance Is less than 60 nH.
to "41 r 1- "'1"11 1 1 1 -T1 " "

-
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HMMFiguJre 10. Anode heating In a transmaission line
circuit.

At a few tens of kilovolts with a fast circuit,
the anode dissipation can become substantial,

i.e., several hundred watts per kilohertz of

igur. e. a) Conventional and (b) ;ow Inductance reoetition rate. The magnitude depends critic3lly
-ultis:age tubes designed for 250 kv. on -1, normally for chvratrons about 20 ns



(cerresponaing to a Z0 ns fall time). This can be At short pulse wicins (100 ns or less), quenc'hIr;
rtouctd to at least 20 As at higher Pressures has been difficult to product and cathoe Arc
0p0.6 torri. On the other hand, rtouction of limits art high. For exaple, with 14 ka, S0 ns
o ressure can cause much higher zi, with the oulsts fron a 100 c*2 cathode, passing through a
resultant hign dissipation causing excessive anode 0.3 In. grid aperture area, no arcing occurred.
heatin?. Thyratrons for fast switching ipplica- Othr experiments with larger tubes, but softwhat
ticns must trrfore oete at relatively high lower ptak current denSities, give consistent
fill pressures to minimize anode dissipation asresults.
well as to oronote high dildt.

Average Current

HI(~i AVR.G P~IR TYRATOXSIn thyratron ratinqs, d.c. and a.c. average
H161 AVME OWE THRATONScurrent limitatiors appear, beyond wfl~ch excessive

The work performed In recent high power develop- heating Is Mialy, causing short tube life.
ment relied heavily on advances made In earlier Most of the dissipation due to d.c. average
progeams (3,4,6,7). OeSigning a thyratror. current Is abiorbed In the grid structures.
specifically for pulse power operation at a The greatest burden is carried by the control
megawatt required that the scaling laws for peak grid, which must absorb the losses cf a 30 to
and average currents be validated at very high 50 oolt Lanpuir double sheath and the discharge
average powers. This has now been done at the column drop of about 20 v/cm, and some part of
megawatt leveli-), and the way Is now clear to the cathode hat as well. The total thermal
switching several tans of megawatts In hydrogen conductivity from grid-face to etetrnal htat-sink
tnyratrons of relatively modest physical size. must be high enough to prevent any part of the

Forward holdoff design principles for high power grid tom eaitn destrtetube. ()0*Cor tid
are basically the save as for low power. The thral o W nd t y th bt . limtat gind
st'-ucturts used at a megawatt are different only the malm aoduvag dhu. crretalmtaino
In %tir overall size, heat capacity, and faultth siuavrgdc.ure.

*resistance. The principles for minimizinS tube h ~.aeae(.~. urn rnigIt
Inductance apply equally to high power designs, Th%~.aeae('s..)cre' rnigit
and produce less conduction loss, the Iciloamperes) Is also an operationil limit, due,

to resistive (12R) halting In the cathode coating
Peak Current and Its support and connecting structures. The

oxide %.athode typically used In thyratrons has
Peak~ current limitations result from two effects: surface resistivities of 2-10 oh-cr 4nd

* cathode arcing and grid qutncjtung(6*8). Both generates heat over Its utilized area (itself
are pulse-width-dependent. The cathode arc limit dependent upon the peak current, in accorde
current density varies as i/tpl/3. It is alSO with the cathode utilization equations(3)).
dependent on the specific resistivity of the
cathode surface(S), and hence on its temperature At high peak currents, the r.m.s. current oftn
and state of attivation. With pulse widths of becomes tha major limitation. At short pulse

*about 10 -s, the current density for arcing lengths, when the discharge may not be spread well
(usually at the cathode's extremities) is Usually on the cathode, this limit may become especially
30-40 a/ctn, a limit now verified at the 75 ka severe, and resistive heating of small portions of
level, the cathode may limit the total Average power that

can be switchec.
When grid quenching occurs, the tube's impedance
rises abruptly, usually resulting In an arc.
Quenching Is pressure and time dependent, is most. Scaling Relationships
often seen In pulses several microseconds long,
and occurs at current densities close to those The current-carrying ability of thyratrons deoendS
calculated to produce a 11HD pinch within the grid primarily on the grid aperture and cathode areas.
structure. $;e have now verified a long-standing These In turn depend on the tube diameter. Figure
design criterion of 10 ka/in.2 of grid aperture at 11 shows peak and average currents feasible with

* the 75 ka level, various tube diam~eters, together with the r.m.s.



zurrtnt limitations of earlier designs. in Figure Those aspects of thyratron aesign that are con-
1:, the behavior for continuous operation with sistent with high dildt ire slso consistent with
pulst widths of 10 us Is used as a base, and Is high power, leading In both cases to short
Shown extended for Shorter pulses, or for burst- structures of relatively large diater, In which
mode coration. Also shown Is the predicted holdoff is obtained by careful control of insulator
chiracteristic of a 16-inch diatetr t~t. Such a loading and environment. In prorspect Is a new
tube would have an arc limit greater than 350 km folly of hydrogen thyiratrons with emuch higher
Peak, and an average current limit of ZOO amperes, dildt, voltage, and power capabilfits.
giving an average power Switching capabtility In
the tens of Megawatts. Wet believe that the ACXW4IEOGMNTS
uliz~ate capabilities In peak and average currentThwokpteedItisaerasbnsuotd

atlimited only by the maximfum prac-.ical diataeter ThIn pr sne bntiypprhs-ensupre
!or ctrouic envelcoes.
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Astraet all facility safety in cast one of the modulesbrev4a

Y*A:uzes and design principlos of the iner:ialcon- down. The facility shall consist of several tens of

finectnt fusion -ulti-module "Angara-S" acclerstor Identical modules such that it wlll be possible to

Art considered. utili:e already vell developed 1-1 Oh output ac-

celerator technology. The omission of one or a few

The compuzed output paramters of an individual modules would result In an insignificant total

=odule ae as follows: power decrease. So, in principle, txperiutnts

V- 2 eV; I a 0.8 MA r - 90rnm W - l2kJ should not be Interrupted during repair and main-

The predicted outvuc was compared with the pulse- tainenc, operations. These corsideracions have

shaping line mock-up atasuremnts. According to caused the multi-odule design of "Anara - 5" de-

these measurements the end-on section contributes veloped by the I.. Xurc'atov Institute of Atomic

21 per cnnt of the :o:al pulse-shaping line capaci- Energy and the D.V. Efremov Institu:e of Electro-

cance. The end-on section capacitance wasaccounted Physical Apparatus.

for In computations via transmission line sections

with appropriate impedance values. The reasonable The Angara-5 accelerator is dfsigned for target

choice of the pulse-shaping equivalent circuit was heating experiments using 48 .!! generacor modules.

confirmed by experimental data and were in good The latter are located around the explosion chamber

a:tmnt with calculations based on system design in a tvo-floor structure with 2 modules on each

feqtures. floo-.. The total bea energy is 4.8 1J. The half-

width biam duration Is 90 ns. The total beam cur-

AN LAA - 5. GENERAL DESIGN rent is up to 0 XA with diode voltaxes up to 2 W4V.

The 10-6 - 1079s pulsed Relativistic Electron Beam Fig. 1 shows the general accelerator lay-out. Thenr

(REB) inertial confinement program [1] has recently is a 6 u diameter explosion chamber in the center.

received new impetus due to the davelopment of 10- Two possible ways of transpor:ing the REB enerry to

100 TW accelerators [2,31. Target heatIng requir- the central target surface inside the chamber are

cents limit the diode voltage to 2 - 4 MV such that being considered. The first is based upon vacuum

specific accelerators should have a low output ir- transmission lines, ,hich may be disc-shaped. The

pedance and generate currents of 107 - 108A. RE! energy is transported along these disc-shaped

lines towards the diode in which the external tar-

The problems of developing a 100 T1W,O.1 Ohm accel- et shell represents the anode. The required 1013

orator were analyzed in 1974 (2]. The multi-module W/cu2 tnergy flux along the line can be achieved at

type accelerator was found to present many advan- mE - 4.%'/c= average field inside the line which It

rages . The total independence of modules and feasible due to the magnetic self-insulation [I.].

module groups allows the opportunity for prelird- An alternative transport scheme would involva the

nary module development and test. It ensures over- production of an inertially confined relativistic

.. . . . . . . .. . .. .. . . . . . . ... .. .. . . ..0. . . ...
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dle:on sheath. the beam being injected Into the aernally tri;gered. Transverse resistive; couplings

sheath making use of external cusp magnetic fields art provided to improve the svitchLng range of the

ri]. central condenser array.

The beam energy at.Ives ac the explosion chamber The Marx generator pramters are the following:

along magnetic selL-insulacion vacuum linto having 55.7 nF capacitance. 2.67 :V peak voltage, 305 kJ

a 30 cm diameter and 3.5 = length. The line length stored energy. Fig. 3 shows the assembled M'Arx

Is deter"ined by the hieh-voltag* diode insulator generator outside its container.

sL:. cesuzzing a 60 kVIc permissible surface eec-

tric field). The electric field in the vacuum lint The Blutlain line 7 !s charged via two conduc:ors

is 2 MY/cm. The vacuum n line Impedance vas calcu- 3. The conductors pass through sectIon 4, separat-

laced according to the Brillouin electron flow i.i Ing the :.arx generator from the line. The dielec-
the gap (6,7]. tric diaphragm electric fields are computed to be

up to 90 kV/cm. In order to use the voluxe of the

The high-volcage diodes are connected to pulse- line In the optimum manner the wave impedances of

shaping Blu-lein linesvia water-insulated cransmis- the outer and inner lines were chosen different,

sion lines. The transmission line diameter is 1.2m, namely 0.32 and 1.36 Ohm. The tntermedLate elec-

Its Iength being 5 a due to the Yarx generator size. rode thickness and end-on curvature radii were
The 2.5 = diamerter uacer-ftlled 3lumleIn line hasa chosen In accordance with computed admissible elec-

60 ns electric length (L - a n) and a 2 Ohm output tric fields In vacae. The computations wtre based
impedance. The ?arx generator tank has a 3.2 m upon the follovin, relations (S] for fields 30% be-

diameter and cransformr oil is used as insulation low the breakdown limit (1)

In the Yarx generator. < 0.21 E<4 0.42
+ 1/3 .06/3 .ofo6 .f1,=

'AN* A - 5" EX!E"AL O eff eff S

Lae us consider in more detail the "Angara-S" ac-

celerator module. In order to Iower the voltage The internal electrode diameter is 149 cm and the

gradients along the dielectric diaphragms and across Intermediate electrode thickness is 14.5 cm. This

the switch gaps as well as to Improve the operation high electrode-diameter over line-length ratio re-

reliability, I: was decided to use a Blulalin type sults in considerable edge contribution to the :o-

pulse-shaping lUne. This choIce has resulted in a cal line capacitance. .ock-up measurements Indicapt

larger nodule diameter and somewhat =ore sophistl- that the end-cn stions contribute 21 per cent of
4ated design. Fig. 2. presents a cross-sectIon of the 76.5 nF tocal lint capacitance. The inner line

an ex;er!mental ' AC .A-S" module. This =odulehas and outer lInt capacitances Are 30 nF and &6 cF res-

seen Assembled at the .V. Kurchacov IAE. necmively. The inner line Is charzed via conductor

5 which serves co Inductivey diecouple both &!nes.

:ht :Iirx generator 1 consists of three parallel -he line Is switched with 10 gas-filled ryered

CIrcUs. Each ircuit consists of 1 cages. switches 6 located at the Inner line edge. Theh rh-

Each stage contains four 0.4 uF. 100 kV condensers voltace trigaering pulses are supplied via 10 cables

:onnec:d in a parallel-series configuration and passing inside the conductor 5.

are zhraed up :o . 89 k. The stages are placed
nsIe 2.- a d:aeter voltage-grading rlnas. r Prepulse Is suppressed by a ulti-channel gas-fill-

generator switching Is achieved with field distor- ed spark $ap S !ollowing the 30 nF cauacitance lIne

:ton wiccn-gaps pressuri:eu -ith SF6 ac 2 k3/cn. section. The capacitance across :he spark iao is

AS the zondensers are tightly packed with a result- 63 :.F. The spark gap is followed by a 4.0 m lonv

in; bad strav capacitance ratio, :he gaps are ex- water transmission line 9 which serves as a trans-



force:. T.€he 50 n4 inductance hiSh-volta;. diode spark gap was varied In the calculations. The con-

10 Is of quasi-planar shape. The diode is follctwd puted pulse bhape of TFl. 7 was ca"Ared with line

bF a magne:ically self-insulated vacuum line 11. mock-up measurements. The mock-up switching re-

sistivicy was chosen equal to that of spark Zaps

Compu:ations of line charging and switchin; were 100 6s after triggering. %.a good agreement bewtn

performed to estinuce :ht pulse shape, the tffi- ccmputation and mesurtmnt hat corroborated the

ciancy of energy transpor: from the Marx generator reasonable choice of the pulse-shaping scheme. The

to %he load and the prepulst level, the latter rt A result of computations are puls lengths up

being of Importance for normal vacuum lin and :o 50 ns and pulse poer modification due to edge

diod2 operation. The SF6 filled switch spark zhtn- capacitance effects.

nel resistance was computed according the Bralin-

skii foarmla C9] pn( Fig. 8 presents the computed pulse shape and diede

(2) energy deposition for a 50 nH diode inductance.
1 I dt Calculations show Chat the channel number should a%-

The vacuum line load was assumed to correspond to ced 5 - 6 to lkmt losses in the upark gaps. A

the minizal magnetic self-insulation current in the further channel number Increase does not subscanzi.

flux limited regim at U a 2 N. The validity of ally improve the pulzi parameters.

the latter assumption follows from the practically

linear dependence upon voltage for U ) 0.5 4V. So the " Anara-5 
" module should be able to Dor-

0 duce a U - 2 W, I 0.8 % Th - 90 ins, total ener-

Fig. 4 presents the charging/switching scheme tak- Ky per pulse (for t -c 110 no) is 102 k for a con-

in; into consideration the above-cited module para- stant ld - 2.5 Ohn imedance. The Marx senerator -

meters. The charging computation takes into ac- to-bean energy transfer efficienv is 33 per cant.

count: the condenser resistivity which was calculat-
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29

*'rill. u14Idula Marx generator assembled outside the tan1V.

* C:

Fig. 4 3lualein line charging equivalent circuit assuaed in output*pu.1L coseumiQom

Fig. 5 Diode prepulse voltage versus title.
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FL;. 6 Schave of SIlein, line sacticnlng auued in output puls
computaibna.

l, I -"
IMM

Ft;. 7 Co:puted pulse shape compared ich the
pulse shape =easured in =ock-up condi- -

:.ors. 20m
FLg. $ Diode voltage end diode enerag deposi-

tion for a !0 nfl diode and 9 spark chan-
nels in each Blumle.n switch.
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REVIEW AND STATUS OF ANTARES*

Jorg Jansen

University of California, Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Abstract Evolution
The laser fusion effort at the Los Alams As we are gradually getting more used to the

Scientific Laboratory (LASL) has evolved from idea of very large C02 fusion lasers Antares be-
early experiments with an electron-berm-con- comes mare tractable in its enormous size anc
trolled large-aperture CO2 laser to the massive complexity. Less than a decade ago the concept
engineering task of designing and building a of such a large m4chine would have been unthink-
1GO-kJ laser fusion machine, able. Howe Vr, development took place at a fast

The design of Antares is bastd on the design pact and what seemed to be an unlikely adventure
of its predecessors. It builds upon technology then is now rapidly becoming a rtality. The tv-
which was develoced or Advanced during the design olution began with the departurt from the double-
and construction of earlier machines. On one discharge laser.
hand it is dictated by the requframents for the The double-discharge laser is the kind of de-
output, i.e., energy on target; on the other hand vice upon which one would not hesitate to base
it is limited by existing technology or reason- the construction of a large reliable gas laser
able extensions thereof. Reliability and main- facility. It is simple, rugged, inexpensive, and
tainability play important roles in the design easy to operate and maintain. Unfortunately, the
considerations. laser energy output and the maximum aperture of a

single cavity are relatively small. The size is
Introduction limited b3 a gap-prtssure product of About 20-cm-

The goal of the Laser Fusion program i to atmospheres compared to about 75-cm-atmospheres
*chieve nertially confined fusion for comercial for in electron-bem sustained CO2 laser.1  By
and military applications. The high-power, way of comparison, the Lumonics 620 can generate

short-pulse CO2 laser developed at LASL lends a short pulse of <100 3 with in Aperture of
itself very well to this task because of the 10 x 10 cm. Translated into the energy require-
high efficiency and capability to operate at mant of 100 kJ for Antares, this would mean a
high repetition rates. The 10-kJ Antares system of 1000 beams and cavities. Such a large
laser, tha fourth step in the LASL development, nuffber of components and subsystems makes the
is designed to provide this laser power for facility reliability Almost automatically
scientific breakeven experiments in 1984. This questionable.
paper gives a brief overview of the evolution, One way to overcome this problem and provide
design, and construction of Antares as a for a stable, large-aperture discharge is to feed
background for a number of detailed papers an externally generated electron beam into the
presented elsewhere at this conference. cavity. In this way, the gene-ation of ionizing

electrons and the control of their energy and

density is separated from the parameters of the
*Work performed under the auspices of the U.S. cavity. To build and operate such an electron-
Department of Energy beam controlled CO2 laser was successfully



attem oted at AVCO and at LASL in 1970.2 The suc- system, Helios (Fig. 3). Helios btcame opera-
cess of this approach opened the door for the de- tional In April 1978 and delivered a subnanosec-
velopment of large-aptrturet, high-energy CO 2 l- ond pulse of 10.7 kJ Into a calorimttar In June
setrs for commercial, military, and fusion appli- 1978.6

cations. The number of cavities for a given re- The electron guns for Gemini and Helios were
qurement for total energy and beam si.t could be also driven by Marx generators with diverttr

reduced considerably. switches. The discharge chambers for Gemini wert

To initiate fusion exptriaents with a short- powered by LC generators with diverttr switches;
pulse CO2 laser, a single-beam system was do- those for Helios by Marx generators employing
signed and built at LASL In 1971. It employed two-mesh typt-C PFN's in each stage.
for all its amplification stages, high-power
electron-beam controlled discharge cavities (Fig. Antares Oesign

1). Table I shows the characteristic features of Reouirymnts. Whereas the single-btm fa-
that system. celety, Gemini, and Hellos were designed for ab-

The electron-gun energy was delivered by Marx sor'tion and compression experiments, the goal

Senerators which were allowed to RC decay. The for Antares is to achieve brtakeven, I.e., the
pulse was terminated by divtrttr switches. The energy production of the target should equal or
discharge chamber of the final amplification exced the energy input to the target. Antares
stage was powered by an LC generator with a di- Is designed to produce various pulse durations
verter switch for pulse termination, and output powers, ranging from a power of 100 TW

Sased upon the experience with the low-energy with a pulse width of I ns to a power of 200 TW

single-beam system, a dual-beam mdule (Gemini) with a pulse width of 1/4 ns. 7 To achieve this
was designed and built in 1974. 4 The design of and also leave room for considerable uncertain-
Gemini and, subsequently, Helios follows in prin- ties In the expected performance the Antares dt-
ciple the single-beam design. The main differ- sign allows for good margins in the critical
ences are found in the employment of one elec- areas. Table III is a summary of the performance
tron-beam gun for two pumping chambers, the requirements and design margins for Antares.

triple passing of the gain region, and the larger The design of Antares departs from that of
aperture (14 inches vs 10 inches), Fig. 2. One its predecessors. The large number of betis (72)
of the major difficulties resulted from the use called for "electron-beam gun economy." Thus, 12
of a large-area hot cathode Itn the electron-beam beams were combined in an annulus around a single
gun. The large amount of heat deposited in the electron gun to form a 17-J power amplifier xod-
gun chamber and the thermal distortion of the ule. A more efficient Helium-free gas mix was
cathode itself proved difficult to handle. The chosen (C02 :N2/4:1). A grid was Introduced In
develoment and subsequent introduction of the the electron gun to provide voltage independent

cold cathode overcame all these problems. 5 The electron-beam density control and accommodate thz

,old cathode employs an arrangement of thin tan- requirement for a considerably lower electron-
talum foils which, upon ignition, generate plasma beam density for the new gas mix (50 -A/cm2 vs
sites that, in turn, serve as electron emitters. 500 mA/cm for Helios). 8 To reduce the likeli-
Performance data of Gemini are listed in Table hood of prepulse parasitic oscillations the gain
1:. region was pumped faster and the distance between

To generate a 10-kJ laser pulse, four dual- power amplifier and target was increased substan-

team ' odules were combined into an eight-beam tially. The major differences are listed in

Table IV.
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TASLE I
CHARACERISTIC FEATLRES OF TPE SIINGLE-3EAR SYSTEIK

PaaetrStages I and 2 Stia 3 Stage 4
Electron Seam

Energy 120 kY 1M Ikv z50 k'r
Curren: 100 A So0 A 1500 A

GsCurrent onsity 0.12 A/clkl' 0.60 A/cmJ 0.27 A=

prteure 600 torr 1800 torr 1400 tort
Electric Field 4.3 kY/cm-atm 3.8 ky/cm-a 3.5 kV/cm-atn
Current 5C00 A 16000 A 50000 A

Current Density 6.3 Alce, 20 A/cm29A/A
*Gain (P-20) 0.051 cin1  0.049 cl0.03 co-1

3/liter-atm 150 150 gs

Efficiency 32%(x 1/5

TABLE 11

PERF04CE DATA OF A HRQU0S DUAL-BEAUi MODULE

Optical Design (each beam)
Aperture 34-cm diameter

Gain Length 200 co
Operating Pressure 1800 torr

Gas Mixture 1/4:1:3/N 2:C0 2:He
Gain 4%/cm (P-20, 10 urn)

*Energy Output 1250 1

Electrical Design
Discharge Voltage 300 kV
Discharge Current 100 kA

*Pulse Length 3 us
Energy 150 3/1-atm

Electron-Beam Voltage 250 kV
Electron-Beam Current Density 0.3 A/cm2

Pulse Length 5.0 uis

*Emitter 0.013-cm-thick Ta foil



TABLE III
ANTARES SPECIFICATIONS

1CO Wc at Target 1-ns pulse
50 kJ at Target 0.25-ns pulse

Power AMplifier Ptrwmeter Design Point Mrsign Margin

Mixture CO2 :NzI4",
Pressure 1800 torr 25% (2250 tort)

(go - a)L 6.0 25% (7.5)

Elettrical Store S.4 '- 25% (7.2 Mi)

Optical Aperture 60's".t c-2  13

TABLE IV

MAJOR DIFFERENCES BETWEEN ANTARES ANO HELLOS

Change Antares vs Helio_ Reason

Longer distinct between 2o ft 20 ft Longer buildup tim of

power ampl fier and target prtpulse parasitics

Faster pumping to peak 1.5 us 3 us Shorter time available for

gain build~up of parasitic ascil-
lition, higher efficiency

Different gas mix in COZ: 2  C02:N2 :He Higher efficiency,

;ower a=lifier 4:1 4:1:12 no helium handling

Annular arrangemrent of' lluer of cavities per gun Fewer guns, large annular

cavities around e-gPin 12 2 optics, fewer bea*s

,iyment of current E-beam current density Different gas mix requires

control grid in e-gun SO -AIcm 2  0.5 A/cm2  lower e-bea density,
better density control

.arger exit window diameter is" 16" Availability f larger

salt windows

Higher discharge voltace 550 kv 330 kY Gas mix with higher impedance

Higher e-gun voltage 500 kV 3CO kI Gas mix with higher density

Highere Xo S



P.ajor Linitations.9 The vost Impartant 1ir- and experimental evidence limt the single-Pass
Itation In the design of Antares Is optical in gain-length in L doublt-pass optical design for
nature. A window, transparent to 10.6-tm light, *th power amplifier cavity to gL < 6 for a 1.5-us
Is necessary between the high-pressure (1800 tort) pumping pulse. As a consequence a hip Input

discharge cavity and the low-pressure (10-6 tort) energy of 90 ) per power a mlifier is required

target chamber. The best window material avail- which makes a powerful eltc:ron.btm controlled
Wle is 1al and the largest size windows made to amplifitr necessary for the output stage of the

date have a diamtter of 16 Inches. This, coupled front end.

with a safe limit for the energy flux of a 1-ns

pulse of about 2 1/cm2 . dictates the number and The Antares Facility. Most of the Antares
aperture of the laser beats. design Is now completed and the major portion of

The mirrors are made of copper-plattd alumi- the hardware is u.ider procurement. The buildings
num by a micro-machining process. They have no are all under construction. A model of the en-

influence on the selection of the beam number but tire facility is shown in Fig. 4. One recognizes
limit the smallest sizt of the turning, folding, clockwise from the upper left corner, the ware-
and focusing mirrors, and thereby the size of the house, the facilities support building, the laser

space frame, target chamber, and turning towers. and energy storage hall, the target building, the
The inability to fabricate very large mirrors had mechanical equip ant building, ind the office

one other effect on the final Antares design. building. The front-end room is located under-
* The original plan to use annular optics was aban- neath the laser hall. Figure S is a view of the

doned. This would have had the advantage that laser hall with the 6 power amplifiers and 24
only 6 Instead of 72 indeptndent laser ban% energy storage units. Fioure 6 gives a clearer

would have had to be managed. picture of the target chamber and the six beam
Having chosen an annular arrangement of the turning towers.

• discharge cavity, one additional limitation is The generation, alification, and transport

imposed by the maximum permissible azimuthal mag- of the laser beams is schematically shown in
netic field in the electron gun as well as In the Fig. 7.
cavities. Axial teed currents to the gun and The Antares front end (Fig. 8) generates six
cavities increase with axial length. The accom- beams with an aperture of 15 x 15 cm and energy

panying azimuthal magnetic field deflects elec- of 225 J each (of this, only 90 J are utilized in
trons away from the feed end and causes non-uni- an annular beam with 9-cm i.d. and 15-cm o.dJ.
form gain in the cavities. Requiring a certain Six oscillators are used to generate six tunable

degree of gain uniformity limits the length of beams which are combined into one single beam.
the gun and an individual cavity. As a result, In addition to six switchout Pockels cells there
the Antares gun is fed from both ends and each are four Pockels cells in series to provide a

• cavity is subdivided into four sections. contrast ratio (energy) of approximately 2.4

The worst enemies of the high-energy gas x 10l. Amplification is achieved with two

laser are parasitic oscillations which can de- double-discharge amlifiers and three dual-beam
velop from spontaneous photon emission in the op- modules. The dual-beam amplifiers are very sim-

tical system prior to the actual shot. They can ilar to the Gemini and Fellos amplifiers but
• damage optical elements, cause a loss of energy smaller in size.

and deposit prepulse energy on the target and The 6 beams are directed upward into the
thus destroy it. power amplifiers which split each beam in 12 ways

To prevent these oscillations the gain-length- and provide the final two-pass amplification

time product of each amplifier cavity has to be (Fig. 9). As indicated above, each power ampli-

kept below a safe value. Computational analysis fier consists of one central electron-beam gin

0 .... . .
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surroundtd by 12 discharge ch~mbr%. Because of The three electron guns of the driver ampli-
zignttic field limitations the gun is ted tri- tiers Art fed from a town Marx genorator with
Axially from both ends and the discharge cha:.. an energy of 25 WJ And owe-circult voltase of
bers art sectioned with a rt-ulting total at 44 610 WV. 1he single-mesh LC Marx is matched to
chambers. Two Azimuthally adjactnt chamabers are the gun favecance and producas a slightly oscil-
fed electrically through one coaxial able with latory current with a half period of 17 us od a
A voltage at 550 kV and a current of 40 kA. The peak value of 10 kA.
gun Is directly connected to the gun pulser which Each of the six driver amlifier pumping
provides a Sun voltage of up to 6CO WY, a grid chamers Is driven by a similar single-mesh Marx
voltage of about 400-500 WY, And a cathode cur- as 3bove (25 WJ, 630 %V) with a peak current of
'ent of 40 kA. The output laser beemi pats 48 UA and a half period of 3.5 us.
through 12 sat windows into the low prtssk~re op- Each electron gun of the power wm~ifitr Is
tical section where they are combined into one energized by a 10-stage Marx generator (70 WJ,
annular bea with the help of a periscope mirror 800 kVY, 40 kA) which is Allowed to AC decay. In
pair. view of the varying requirements tor electron-gun

she annular beam Is then transported through vlaeadi~d~cti scniee h
an evacuated beam tube Into the target building. best solution. In an eariler design stagit the
It is turned by a set ot turning mirrors into the gun pulsar was an impedance matched A-type nt.
:arget chamber. This Is done to prevent back work with a Peaking circuit to provide fast
streaming of neutrons into the laser h'all. Inside rising voltage for uniform gun ignition. The
the cryogenically pumped target vacuum chamzber a Marx generator feeds both ends of the tlectr~rn
space frame supports a second set of flat turning gun where one side Is connected thr'ough a tunible
mirrors and a set of focusing mirrors. A typical inductor to achiev current symtry In the gun
bean pass in the target chamer is shown In Fig. (Fig. 12).
10. The distince between the focusing mirrors Each power amplifier section (12 annular cay-
Ind the target is approximately 1.61 m. ities) Is energized by a 10-stage Marx ;enerator

Pulsed electrical energy has to be delivered with an open-circuit voltage of 1.2 MV, an energy

In different shapes and at many different places of 300 W., and an LC impedance which Is approxi-
throughout Antares (Fig. 11). mattly matched to the load. 10  The short-pulse

The switchout cells require a very small duration calls for a low generator inductance of
irt-nnt ot energy (ipprox. 10 WJ) and a relatively about 3 pli, which is Accomplished through mul-
1cw voltage (12 ta 25 Uc). Powever, the risetlime tiple -ig-zag folding at the Marx (Fig. 13).
of the voltage pulse into 10 parallel SO-ohm Each Marx is connected via 6 coaxial cables to
'aids (Pockel.s cell plus cable) has to be 12 anodes. The cables are dry-cured standard

<, I ns and the Jitter between cells has to (145 kVY) utility cables which have been tested
he <50 ps. -his requirement will be "et by tor a pulse voltage of I RV.
'asing one fast -rulti-channel spar., gap to ener- lecause of the complexity of the Antares sys-
;i.-e ill cel.ls. Delays between cells will be tern there exists also a very large and compolex
achieved through different lengths of very low optical alignment system whIch is not discussed
Ioss cables. in this presentation. The electronic control

The preai~plifiers require the .-ollowing en- system Is based on a ccmputer hierarchy (Fig. 14).

?-gy, voltage, current, and pulse duration: A network of comptiters permits control of irdivia-
Lurmnics X-9225: 160 J, 40 Vc, 2 kA, 3 us ual systems or bean lines in a scand-alone w~de or
umnics 602: 1640 J, 150 IcY. 7.5 kcA, 3 us the ccordinated control of the entire facility.

The Luronics X-S2Z5 is also operated at a reaeti- Low-level control is achieved with microcomputers
tion -ate of 3 nps for alignment purposes. (ISI-Il) and interediate-level or high-level
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control with minicomputers (POP-11134, 60 and 70). will begin in July. Half of the control compo-
To avoid the typical problems of transient Inter- nents network Is on~ hand and is being used for

*ferenct in a high pulsed electro-magnetic rNviron- software development. The electroo-beeis gun
aent all computers and computer Interfaces art (Fig. 19) will Lz aissebled and readied for test
heavily shielded and all signal transmission takes in August. Installation of the gigantic target
place vii fiber optic cables. A typical fiber- vacuum system (btax tubes and chamber) will begin
optic link is shown~ in Fig. 15. It consists of a in August.
signal generator (Pearson current transformner),
an tlectro-optic converter, the fiber-optic cable, th~
and in opto-electric converter. 1. W~. T. Lel&Q~ 8Design Engineering of Largo

High-Pressure gas Laser Amlifitrs" SPIE,
Status of the Antarts Construction. The An- Vol. 138, Advances in Laser UThnology,

tares schedule (Fig. 16) as part of the overall pp. 39-45 (1978).
*inertlial confinement fusion plan foresees that the 2. C. Fenstmachvr, -,t al, bull. Am. Phys. Soc.

Antares facility will become operational and ready Ls, 42 (1971);
for target experiments In the spring of 1984. Davgherty, et al, Bull. Aic. Phys. Soc. 17,

As a first step towards this goal the first 399 (1972).
bee line (of uix) will be coplted and checked 3. T. F. Stratt'n, OCOZ Short Pulse Laser

*out in the fall of 1981. The major milestones in Technology,6 in Mich-power Gas Lasers. 1975,
this effort are: E. A. Pike, Ed. (The Institute of Physics,
# Power amplifier and London, England, 1976), pp. 264-311.

energy stora&" system installed April t8o 4. S. Singer, 3. S. Parker, M. 3. Mutter, 'Cold
e El,2ctrical and small-si~nal August '80 Cathode Electron runs in the LASL High-Power

tests complete Short-Pulse C02 Laser Program,' Int. Top.
o Single-beam front-end ready gover 890 Conference on Electron-eam R&D, pp. 274-292,
a Single-sector energy extraction Ftbrutry '81 Nov. 3.6, 1975, Albuquerque, NN.
* 12 sector energy extraction April 181 5. G. V. Lod&, D. A. Meskar, 'Repetitively
* 17 kU/i ns pulse centered October '81 Pulsed Electron-Seam Genetrators," Int. Top.

and focused Conference on Electron-Beam Research and
* Dvelomnt, pp. 252-272, Nov. 3-6, 1975,

All Antares buildings are now fully enclosed Albuquerque, NN.
and internal work is progressing. Figure 17 6. 3. Ladish, "Helios, a 20-TW CO2 Laser Fu-
shows the target hall with its 6-ft-thick walls sion Facility," Laser '79 Opto-Electronics
and 5-ft-thick ceiling. The laser hall and the Conference, Munich, Germany, July 2-6, 1979.

*front-end room will be :vallable for joint occu- 7. T. F. Stratton, et fl, 'The LASL 100-kJ C02
pancy in August 1979. It is presently antici- Laser for ICF Research: Antares,' in Imnr-
pated that all buildings will be complte and tial Confinement Fusion Technical Digest,
ready for occupancy by LASL in Decembtr 1979. Proc. Topical Meeting on Inertial Confine-

Most of the components and systems develop- ment Fusion, San Diego, California, February
ment and 75% of the design are complete. All 7-9, 1978 (Optical Society of America, Wash-

0major hardware for the first baline has been ington, DC, 1977), paper TuC7.
procured and will begin to arrive at LASL in
June. A pumping chamber section is shown in
Fig. 18. The output amplifier for the front end
will be tested at LASL starting in July. The

* performanct test of the first energy storage unit
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3. si. T. Leland, tt I, mLarg Aperture Os-

charges In Eltctron-laam-Sustained CO 2 Am-
pliffar$,4 In Prec. of the Seventh Sympos m "

on Engineering Problems of Futfon Research,

Knoxvillt, Tennessee, Octobtr 2S-28, 1977
(IEEE, Ne York, NY, 1977), pp. 506-508.

9. J. Jansen and V. L. Zeigner, "Oesign of the

Pcwtr Amplifier for the HEGLF at LASL,'in

Proc. of the Seventh Symposium on Engineer- .

fng Problems of Fuilon Rtsearch, Knoxvh11e, Fig. 3. The LASL Helios facility.

Tenntse, Octebtr 25-48, 1977 ( IEEE, New
York, NY, 1977), pp. 489-493.

10. )enneth B. Riepe and Nary Kircher, "esign

of the Energy Storage System for the High

Energy Gas Laser Fjcility at LASL," in Proc.

of the Seventh Symposium on Engineering

Problems of Fusion Research, Knoxville.
Tennessee, October 25-28, 1977 (IEEE, New

York, 4Y, 1977), op. 1053-1055.

. . ,, w,,- Fig. 4. Model of the Antares facility.
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Fig. 1. Elect.ron-beam-controlled C02 laser
3r=olifier. Fig. S. Laser hall with 6 poer wlifiers and

Z4 energy-storage units.

Fig. 2. Cross-sectional view of dual-bem

=odule (elios). Fig. 6. Target chasber and vacuum system.
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Fig. 7. Optical schematic of Antares. Fig. 9. Artist's conception of the power
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Fig. .1. Pulsed power for Antarest
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Fig. 12. Sym-etric feeding of the electron-beam
gun to reduce the &.,iuthal magnetic
field.0
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Fig. 15. Fiber-optic signal transmission link.

%ogl t3 Ml-nucac 0r cofiurtin Is: It NO I 64il1 11

Fig. 16. Antares summary schedule.
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FMi. 14. Antares control system imp~lemneftation. Fig. 17. Facility constructinn, target building
in foreground.



Fig. 16. Pumping chamber sections in production.
= . Fig. 19. One of four sections of the electron-

beam-gun vacuum shell.
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ELECTROMAGNETIC GUNS, LAUNCHERS AND REACTION ENGINES

Henry IKolm, Kevin Fine, Fred Williams and Peter iongeau

Massachusetts Institute 2f Technology
Francis Bitter National Magnet Latoratoryo,

Cambridge. IMassachusetts, 02139

bstract

aectnc advances .in ene.y storage, switci 1ig and proposed by Powell and Oanby3 and ultimately imple-
• -- p-nit cec.%,ogy make t~itce-omagnetit accolerion rented by Kolm and Thornton1 at Nil; it is synthe--a viable A~l nac11v c tr em, ik propulsion fSor cear-

a-rn tasks, and ,a ar to Perort oc.%.r tasks noe tically synchronized and is capable of very high
;:*v.ous2V feasible. Launc.es of Incterast include acceleration. efficiency and speed. G.K.O'Nelll of
tho dc :-lgun dr.ven by energy stored enerlfafny p
a hoopol.ar gene:ator and rarsfered through a Princeton University prepomsed using the LSM for
svcch.n Inductor, and the opposite excm, the launching lunar raw materials Into very precise or-
synchronous mass dr. er energized by a high voltage
al:ernaccr :hrough an oscIllatirn coil-capac'.1or bits to permit Interception at a space manufacturing
circu t. A number of hybrid variants beten hest site5 , thus r-nventing a concept first proposed by
two exct:emes are also promising. A novel system s
d -scribed here is the momencum crsa.formr which Arthur C. Clarke6 in 1950. O'Neill and Kolm devel-
transfers momencum from a massive ch..ically diven oped the "mass driver" as part of two NASA-AMES sum-
armacure to a much lighter, hi h r velocicy psojec-
-e by magrecic flux compression. Potnt A appli- mar studies in 1976 and 1977. and a group of students

mact*ons ncl, Ude te acceleratIn of g-Af-SIZe par- constructed the first demonstration model at MIT.
.tcles for hypervelocVy research and for use as rt-
act-on ongin.es in space transpor:; high velocity a'- It was exhibited at the 1977 Princeton Symposium on

cI~~ry it. cher ..z bccl cal supply4., a med -cal Naevcution v.-rahe-ie: tactlcancsinglyf&spce cao Space Manufacturing 8 and also on the occasion of theov/acuAr'.on r.e _Icl.es; :. launchi(n7 of space ca rgo

or nuclva: waste In one-con packets using off-peak first flight of the orbiter Enterprise in August 77.
elac::. ;ower. A second, more sophisticated mass driver is presently

under construction at Princeton and MIT, with supp-

Sack round ort from NASA-Lewis3 .

magnetic guns and launchers have received period- Another significant effort was made recently

Ic attention for many years, and several large sys- by Marshall and BarberO who used the world's larg-

cers have actually been built. The fact that none of est homopolar generator at the Australian National

:hese evolved into a practical device reflects large- University in Canberra to power a series of experi-

ly :he irmaturity of required support technology and mental dc railguns. Their spectacular success might

lac', of coordinated follow-up programs. The most not have been of much practical Interest, had it not

recent survey of the field was made by the Naval been accompanied by eqyally spectacular progress in

.:eacons Laboratory in 1972, and the report contains the design of practical pulse-rated homopolar gener-

all significant prior aferences'. ators by 'Joodson, Veldon and others at the Universi-

Since 1972 considerable attention has been devo- ty of Texas in Austintt. The group also invented a

ted to linear electric motors in the context of air new inertial energy storage device, the "compensated
12cushion and magnetically levitated high speed trains; alternator", or "compulsator" . There has also

an extensive review published in 1975 contains over been a great deal of other work in the area of ener-
.0 references. zosc early efforts tilied linear gy storage in relation to requirements for ohmic

Induc:ion -4oors (LIMs) which do not lend themselves S tudy supported by U.S.Ary R'ra~enc Rosearch
and Developmenc Command, Dover 11J, under ARO

to high acceleration. There evolved one concept, ;ranc lo. DAAG 29-78--;-0247.
nowever, the linear synchronous motor (LSM) first *1 Laboratory supported by .:ho Iamonal Scenco

Foundat.ion.



43

heating of plasmas In toroldal fusion experiments, of the current path through the slide, or the gap

laser-induced fusion, particle beam weapons research between rails in meters, and Z Is the current in am-

and laser weapons research. Much of this work is pares. The factor of 1/2 accounts for the fact that

directly applicable to accelerators. Equally appli- the field Is 8 behind the slide but zero in front of

cable Is work done in the development of large, It, the average being 8/2.

high-intensity magnet coils, superconducting as well The classic rallgun has been studied extenslvaly

as normal, for MND power generation and for solid by Brost and Sale of HB Associates in the mid-sixties

state research. The MIT National Magnet Laboratory under NASA contract 17 , ind more recently by Marshall

is a center of expertise In this ara 13. Related and barber10 using the world's largest homopolar gen-

work which is doubly applicable Is the development orator at the Australian Nitional University In Can-

of large superconducting magnet systems for induc- berra; it is capable of storing 500 MJ. Railguns

tive energy storage at Los Alamos and Sandia 5. can operate in two distinct modes. In the metallic
In March 1377 Dr. Harry Fair, head of the Pro- conduction mode, current flows through the sliding

pulsion Technology Branch of the Army Research and projectile itself, and this mode has been demonstra-

Development Command in Dover, N.J., Inquired whether ted to a performance level of about I kg mass Ind

any of the MIT Magneplane or Mass Driver work might 2,000 g (20,000 m/s2) acceleration by the switching

have ordnance applications. It was Imediately ob- gun used in the Canberra Installation to feed the main

vious that the potential applications and related gun. Marshall and Barber found that If the rallgun

concepts and technologies spanned such a vast range is driven very hard, a plasma arc tends to bypass the

as to require a nationally coordinated effort. Peter projectile, leaving It behind. By using a non-conduc-

Kemmey and Ted Gora of ARRADCOM were assigned to ting lexan projectile and confining the arc behind It

the task of coordinating the effort within DOD, and they were able to achieve a performance level of 16

the present authors were funded to conduct a prelim- gram accelerated at 250,000 g along a 5 m barrel to a

Inmary study. In additto, we have assembled an Inter- final velocity of 5.9 km/s. As railguns are extrapol-

agency steering committee and a technical advisory ated to large projectile sizes, the distinction brush

panel to ensure liaison with other centers of exper- conduction mode and plasma mode is likely to vanish:
tise. brush conduction will be supplemented by arc conduc-

Electromaanetic Accelerator Concepts tion as the limit of brush current is exceeded. The

We are concerned here with linear motors which practical limit of railgun performance In regard to

are capable of very high acceleration. This exclu- projectile size, acceleration, length and velocity

des at the outset the sizeable literature of linear will have to be explored by progressive refinement of

motors 16 developed over the years for a variety of material and engineering details, as in the case of

purposes, including traverse curtain rods, conveyor any rfew technology. The Canberra work has provided

belts, sold .aste separation, liquid metal pumps, sufficient information to justify the first attempt

high speed ground transportation, and even certain in this direction. Westinghouse, with support from

attempted launch devices. We shall characterize DARPA, will construct a practical railgun system in-

the features and limitations of our basic arsenal of cluding the first pulse-rated homopolar generator de-

accelerator concept3. signed with attention to overall weight. The objec-
The Classic Railoun tive is to demonstrate feasibility of accelerating a

The classic railgun is the simplest and also the 0.33 kg (.73 pound) projectile to a velocity of 3 km/s

most high perfected accelerator. It consists of two (9.8 ft/s), corresponding to a muzzle energy of 1.5 Mi.

parallel rails connected to a source of dc current, To a great extent, the practical limit of rail

the projectile consisting of a short-circuit slide guns will depend on acceptable cost and service life.
propelled between the rails by the Lorentz force The problems relate to mechanical containment of the

F - BLI/2 newton, where B is the magnetic field in- percussive expansion force which tends to blow the

tensity between the rails in tesla, L is the length rails apart, the electromagnetic analog of barrel



prvssure in a chemical gun, with the Important diff- the use of superconducting auxiliary rails might be

erence that the railgun maintains more or less con- expedient in some applications. It should be noted

stant pressure throughout the acceleration. instead that railgun fields are much higher than the critical

of chalcal corrosion, there is the destructive eff- fields of supercon-ductors. Augmentation has the ob-

ect of high brush current density and the related vious effect of reducing the amount of current flowing

retal vapor arc. The body of knowledge avAlable through the brushes and the projectile, and thereby

from the study of brushes and circuit breakers does the necessary conductor mass which must be acceltra-

not extend to the current densities and velocities ted.

in question. It should also be noted that the augmenting

in addition to these limits, the classic railgun field is twice as effective as the rail field itself.

also faces certain fundamental limits which are not The augmenting field prevails in front of the projec-

related to acceleration, but to maximum possible tile as well as behind it, thereby eliminating the

length or maximum muzzle velocity. As a rallgun is factor of 1/2 In the Lorentz force expression. This

lengthened, the resistance and inductance of the fact is important inasmuch as It reduces to one half

rails eventually absorb a dominant fraction of the the rail bursting force which must be contained for a

energy. The effect is seen to begin at about five given acceleration.

meters In the Canberra tests. Increasing velocity Augmentation therefore ameliorates both the brush

also causes an Increasing back-emf. Current will current density limitation and the bursting force con-

continue to flow, even If this emf exceeds the out- tainment limitation of classic railguns.

put voltage of the homopolar generator, because the Tshe Segmented Rallgun

Intermediate storage inductor acts as a current The length limitation imposed by rail resistance

source. However, there is a practical limit to the and rail unductance can be circumvented by simply sub-

voltage which can be stood off by the gap between dividing a long raligun into 3hort segments, each fed

rails, and this scales about linearly with size. by an independent local energy source. This will of

Thus there are two fundamental effects which limit course Involve certain commtatlon problems as the

the amount of energy that can be transferred to the projectile transitions between segments, but will per-

projectile. regardless of how much Is available. mit using part of the energy stored In each seg.-ent

Another shortcoming of the railgun is its Inherent to energize the subsequent segment. The segmented

inefficiency. An appreciable amount of energy Is raligun seems promising for launching large masses

contained In the rail Inductance at the instant the such as aircraft at low acceleration. In very long

projec:ile leaves, and this energy must be absorbed launchers, the use ef multiple independent energy

by miuz:le blast suppressor. A fraction might con- supplies will have other advantages as well.

celvaole be returned to the homopolar generator. Mass D-lvers

There are several means for circumventing the limit- is mentioned in the Introduction, the mass driver

ations of the classic railgun. Is a direct adaptition of the linear synchronous mo-

The Aucrented Railoun tor first conceived end developed as the MIT Magne-

The -agnetic field between the rails can be aug- plane system in 1970-75 , a high-speed agnetically

-ented by supplementary current wh th does not flow levitated train. The mass driver can be planar or

ttirough the sliding brushes. This current can be a,.ial depending on requirements. The axial configur-

carried by separate conductors flanking the rails ation permits higher efficiency and is therefore

which -wst be farther from the projc:tile), or it preferred for high acceleration, while the planar con-

:an ze 4eded to the rail current itself by simply figuration will accomodate payloads which need not

terinating the rails with a load resistor or induc- be cylindrical and may have any arbitrary shace.

:or at the nuzzle to carry a fraction of the current. In both casae, the payload is carried by a re-

71-e rails themselves will obviously contribute -*re aseable vehicle, ualled the bucket. which is provided

*ield than auxiliary rails located farther away, but with t-wo suoerconducting coils carrying a persistent
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current and guided without contact by repulsive eddy ad out that mass drivers do not necossarily~equire

currents induced by the bucket motion In an aluminum superconductin; bucket coils. For periods of the

guideway. The bucket Is propelled by a series of order of 0.1 second it Is actuAlly possible to main-

drive coils which are pulsed In synchronism as the cain higher current densities in normal conductors.

bucket passes by. The bucket operates like a surf- Maximu, performance mass drivers are therefore likely

board riding the forward crest of a magnetic travel- to utilize alum;num bucket coils, possibly precooled

ling wave, the wave being generated by the drive to liquid nitrogen temperature, fed by sliding brush-

coils and synchronized by position sensors. Buckets as, and drive coils triggered by physica contact.

can be launched at repetition rates of 10 per second. Of course this would eliminate the non-contact advan-

Each bucket releases its payload at a precise speed,* cages.

is decelerated, and then returns to the starting A unique feature of mass drivers bears emphasis:

point on a return track to be reloaded and relaunched. although they are energi:ed by capacitors, the cost-

Mass drivers can operate in the "push-only" mode liest, heaviest and bulkiest energy store known, each

as In the case of Kass Driver One, or In the pull- capacitor is used hundreds or thousands of times dur-

push mode of Kass Driver Two, now under construction, Ing each launch cycle by being connected to many drive

In which each drive coil undergoes a complete sinus- coils through feeder lines. This permits the use of

oidal oscillation by being connected synchronously an efficient but slower Intermediate energy store,

to a supply capacitor line. By tuning this cycle such as a compulsator or I*D generator.

to the effectly a wavelength of the bucket It is The Helical Railgun

possible to achieve energy transfer efficiencies, The railgun is In essence a single-turn motor.

electric-to-mechanical, of better than 90 percent. A multi-turn railgun would reduce the rail current

We should add that the bucket-to-payload ratio is and the brush current by a factor equal to the number

about unity, and that about half the bucket energy of turns. It therefore seems worth-while to study

Is recoverable by regenerative braking. a "helical railgun". In this hybrid device, the two

* For all practical purposes, mess drivers have no rails are surrounded by a simple helical barrel, and

velocity limit and no length limit. Acceleration has the projectile or re-useable carrier is also helical.

been limited thus far by the current and voltage ca- The projectile is energized continuously by two brush-

pacity of the SCAs used for switching. Using shelf es sliding along the rolls, and two or more additional

components, Mass Driver Two should achieve 500 to brushes on the projectile serve to energize and commu-

1,000 g. If the SCR limitation is removed, by using tate several windings of the helical barrel directly

ignitrons, spark gaps, or direct contact switching, in front of and/or L.hind the projectile. Th6 hell-

performance will be limited by mechanical and thermal cal rallgun is in fact a cross between the railgun

failure of the drive coils. Some preliminary calcu- and the mass driver.

lotions based on a four inch caliber mess driver SuDerconductina Slingshots

using aluminum bucket coils and copper drive coils Accelerators based on mechanical energy storage

• suggest an acceleration limit between 100,000 and have not been used since the day of the bow and medle-

250.000 g. This is comparable to raflgun performance. val catapult, with the exception of naval aircraft

However, the failure mode of drive coils under fast launching. Mechanical energy storage devices are bulky,

pulse conditions is a very complex subject requiring heavy, and slow to release their energy. The advent

experimental study. of practical superconducting magnets provides a good

• All previous mass driver designs are based on a mechanical storage mechanism, the "magnetic slingshot.'

bucket coil current density of 25 kA/cm2 of cable. Consider a short superconducting solenoid which

achieved In an operational model of the MIT magne- is free to slide inside a long one. The travelling

plane. Superconductors should withstand up to four solenoid will be either attracted to or repelled from

times this current density at the low field intensity the center of the long solenoid, depending on the

and stored energy involved. It should also be point- direction of relative magnetization. Either configur-
0
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acion can serve a3 an eaictromagnetic slingshot. ting cylinder with 4 funnel:ed bore, and at least one

In the attractive configuration, the travelling sol- radial slot extending from the Inside to the outside

enoid can serve as a payload-carrying shuttle bucket, surface. The cylinder is surrounded by a pulses field

Released at the breach end of the barrel coil, It winding, preferably Imbedded in a helical groove to

will accelerate to the center, where it will release minimize hoop stresses. A fast pulsed current in the

its payload at maximum velocity, come to rest at the winding Induces an opposite Image current In the out-

nuz:le, and then return empty to a position short er surface of thefcylinder. Due to the radial slot,

of its release point, from where it can be returned this Induced current Is forced to return along the

to the release point by mechanical force, possibly Inner perimetar of the cylinder, thereby generating

by a thermal cycle. This oscillation Is Inherently a magnetic field in the funnelled bore. All of the

loss-less, txcept eor possible eddy currents Induced magnetic flux which would have filled the pulsed field

in nearby metal. winding In the absence of the concentrator is thus

In the repulsive configuration, the travelling compressed into the central bore, resulting in a field

solenoid will be moved by mechanical force from the Intensity which Is higher than It would have been

breach to a point just beyond the center of the by about the outside-to-inside cross section ratio.

barrel. When released, it will be expelled from the The device was used at MIT for high field research

ruz:le as part of the projectile. Velocities up to and also for industrial metal forming. In 1965.

several hundred m/s are attainable by slingshots. Chapmen 20 used a flux concentrator with a tapered

The Sucerconducting Quench Gun bore for accelerating milligram metal spheres to

By successively quenching a line of adja#tnt hypervelocities. Using a first stage explosive

coaxial superconducting coils forming a gun barrel, flux compressor, Chapman managed to reach peak fields

it is possible to generate a wave of magnetic field In excess of 7 megagauss, starting with an Initial

gradlent travelling at any desired speed. A travel- field of only 40 kilogauss.

ling superconducting coil can be made to ride this The momentum transformer proposed here uses a

wave like a surfboard. The device In fact repre- flux concentrator as the armature or sabot in a chem-

sents a mass driver or linear synchronous motor In ically driven conventional gun. The bore of this

which the propulsion energy Is stored directly in sabot is occupied by a much smaller projectile, for

the drive coils. Instance a rod-shaped arrior penetrator. The muzzle

Inoulse Accelerators end of the gun is a pulsed field winding imbedded in

A brass washer placed on top of a vertically a helical groove, which is excited with a current

oriented pulsed field coil is driven upward, acceler- pulse sufficiently slow to penetrate the barrel and

ated by eddy currents which tend to be 180' out of fill the bore with magnetic flux. When the sabot

phase with the Inducing field pulse. The resulting enters this flux region so rapidly that the effective

imgulse has teen used commercially since 1962 for penetration depth of the field is small, it compress-

-etal forming operaticns, for Instance for swaging es the flux Into its inner bore, decelerates drastic-

terminal fittings around aircraft control cables, ally, and expels the projectile contained In Its bore

The ;rocess has certain applications for accalra- at a much higher velocity. The device should have very

ticn. It can be madc into a synchronous induction little recoil because the muzzle coil acts like a

-otor whose performance Is limited by the thermal muzzle brake, transferring much of the sabot momentum

inertia of the sliding cember. to the barrel. The process- can be multi-staged with
The 4oc-entuen Transformer a series of nesting sabots.

A novel concept described here for the first Aoolication to Hvoervelocitv Research

:,e ;s wnat we shall call the "momentt :ransformer.' The acceleration of milligram to grm slze pellets

It takes ise of a so-called "flux concentrator", to hypervelocities, i.e., 10 to 100 km/s, already has

first studied by qawland at HIT Lincoln Laboratory a literature of three decades. Research areas incluoe

;n 1960 . A 4lux concentrator :s simoly a conduc- micrometeorite innact studies, equation-of-state re-
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search, terminal ballistics, etc. A new application Licht Plane Launchers

of cur"ant interest Involves the achievement of fus- It Is Interesting to study tie generation of

Ion by pellet Impact at several hundred km/s. STOL airrraft which could be designed by eliminating

Hich Velocity Artillery the requirement of Inordinate take-off thrust from on-

Projectiles In the range of ten grams to a kilo- board engines.

gram accelerated to 3 to 10 or 20 km/s have foresee- Soace Vehicle Launcher

able applications. The destruction of missiles In The application of mass drivers for lunar launch-

space, where mass is at a premium Is one obvious use. ing and for use as reaction engines in orbital trans-

Another is the possible interception of Incoming far has already been studied extensively7 . However,

rounds by ships and armored vehicles. This requires the possibility of electromagnetic earth-baset launch-

small projectiles travelling at speeds much greater Ing, proposed by sclencd fiction writers since the

than the Incoming round, capable of detonating, de- forties, has never before been considered seriously.

forming, or Just deflecting them. Plasma-driven On the basis of computer software developed by NASA

railguns already have the required capacility on a In connection with the Venus lander21 , it appears

laboratory basis. If Incoming round interception can quite practical.

be accomplished with good reliability, it will rake A telephone-pole shaped vehicle 8 inches in dia-

armored vehicles as obsolete as knights on horseback. mater and 20 feet in length, weighing 1.5 tonnes,

An armor penetrator fired at 3 km/s, twice pre- accelerated to 20 km/s at sea level would traverse

sent speed, needs only to be about one fifth the size the 8 km atmsphere in half a second, emerging at 16

to Inflict equal damage. If In addition It can be km/s. which is enough velocity to escape the solar

propelled with available diesel fuel. tanks can be system. It would lose 3 to 6 percent of its mass by

given five times present capability with drastically ablation of a carbon shield. Initial projectile ener-

reduced vulnerability. We are dealing here with en- gy would be 300 x 109J, one third of which would be

ergy pulses In the I to 3 MJ range, supplied by the lost In traversing the atmosphere.

primary propulsion engine of the tank. The launch energy may seem formidable, but it

Stretcher-Size Logistic Suoly and Medical amounts to only 83 MI-hrs, which represents several
Evacuation Vehicle minutes of output by a large metropolitan utility

It Is an Irony of modern tactical warfare that plant. The required launcher would be 20 km long at

an armored advance can be supported with many tons 1,000 g acceleration; it would be only 2 km long, less

per minute of artillery, but not by a single gallon than a small airport runway, at 10.000 g, which should

of fuel or pound of food. Helicopters and parachutes be easily attainable. Such a launcher could be In-

are too vulnerable for battlefield use, and the ch~e- stalled on a hillside, or in a vertical hole made by

Ical gun does not lend Itself to logistic supply an oversize rotary well drilling rig.

applications. Electromagnetic launchers can fill On2 potential application is the disposal of nuc-

this need. lear waste. 2,000 tons of waste will be generated
40 A 300 pound stretcher or supply module can be between 1980 and 2000. This waste could be launched

launched from a 100-foot, truck-mounted ramp~ to 100 out of the solar system by using off-peak power from

mph at 3.3 g acceleration, using only O.Ik MJ of en- a utility plant at a cu;: corresponding to only 2

ergy. It could easily be guided to a soft landing cents per kw-hr of generatod power which produced the

by microwave or conventional ILS type guidance sys- waste. Considering that the overage cost of power

tem located at the destination point. The vehicle during the period will be 22 cents per kw-hr, this

would operate at high speed, low trajectory, be rela- waste disposal cost is very low.

tively invulnerable and weather-independent, and sig- Conclusions

nificantly less expensive and fuel-consumptive than Rotary motors have not yet approached the con-

a helicopter. It could be built using available ceptual or practical limits of their potential, even

technology. after a century of intensive evolution. Fundamental

0



Innovation still occurs under the stimulation of new 9. l(.l., K.rins, P..4ongeau, f. willia, W.snov,

technology and new needs. G.K.O*'N ll: three papers on Mass Driver Two
to appear in th Proceedigs of t.e 4th Princeton

Linear motors have not been pursued to anywhere AZA Sympaviu. on Space ,Mnufacturin;, 1979. to

near a comparable degree, although an appreciable be published by the AZI in late 1979.

literature exist. Linear motors might be on the 10. SC.PAShLelqh and R.A.Marshall, "ZlctxoaegnatLc
Acceleration of Mecroparticsle and a ypervelocity

threshhold of an evolution comparable to the evolu- Acc-laeca"r, disertatLon 197. Dept. Engr. Phys.

tion of rotary motors. The above survey Indicatei Australian .Nati. Univ.. Csnberr.

%hat there Is no shortage of new concepts or uses. 11. W.F.Weldon at al., "*The Dos),7n, abvicstion and
Testing of a S N Homopolar foCor-Generator,

14hat makes this field exciting is the advent of new Tntorntl. Conf. on Energy Storage, Co mpression

pulsed energy sources, and the challenging fact that and SwitchLz, Torino, %tlye ,ov. 1974.

a motor of zero curvature Is virtually free of all M.D.Driga aL &l, "*undaaental LUJitations snd
Topological Considerat.ons for Tar Dischrgi.g

eundaental limitations on size, acceleration and Hoopolar Machines*, 1=uz Trans. on Plasm Sclen,

velocity. Dec. 1975.
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3.K..O":eIl, "4 a Reaction engine as Shuttle
.;or stage", .hi1ton, "w.D Theory and His.orlj",
2r-c. of the Third Frinceton-ArAA Symp. on Space
anu3ftrrlng, 1977, published by the ALIA.
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P3. 2

XNVIr!D

*THE NEMr AND LONG TEXK ?ULSE MoUE % RURW FOX LASER DRXTfl flEKTAL C%0INX_=" flSXO044

N.L. Cagon

Lawrence Livermore Laboratory
LLvervare, Califormi 94550

Inertial confinement fusion research is being -L

vigorously pursued at the Lrvrenc. Livermore
Laboratory and at other laboratories throughout W4 i
the world. .LIi-J m-

At the Lawr.enct Livermore Laboratory, major
emphasis has been placed upon the development of Sao"

large, Nd:glass laser systems in order to address - . - "

the basic physics issues associated with light
driven fusion targets.

Fig. 1: LLL lasmr-fusion yield projections and
parallel program is directed cward the develop- laser systems. A series of increasingly

powerful .d:glass lasers has been built
ment of lasers which exhibit higher efficiencies for laser fusion experiments.

and shorter wavelengths and are thus more suitable

as drivers for fusion power plants. This paper and Argus &ystem. Argus has operated at greater
discusses the pulse power technology which has been than A TV from two laser chains and has now pro-
developed to meet the near and far term needs of duced sore than one billion neutrons on a single
the laser fusion program at Livermore. shot, with a pellet gain of 2 x 10"5. Shiva, a

20 arm, 20 7V system has been operational since
February 1978 and has produced a neutron yield of

Introduction 2.7 x 1010 and compressions of 50X liquid densi:y.

The Laser Fusion Program 112 '3 1 As making rapid NOVA$, currently under construction, will produce

progress coward achieving thermonuclear fusion. several hindred 7V of output power and demonstrate

One of the keys to this rapid progress is the the feasibility of net energy gain with high gain

sequence of laser facilities with increasing power microaxp~osiocs.

(Fi;. 1) developed ac LLL in pursuit of the laser

fusion proram goals. Janur has yielded an tx- Each laser system in this progression hIas increased

tnsive catalogue of laser fusion data and measure- in both size and complexity. The ;jlse power hard-

ments of alpha particles demonstrating the TN ware represents about one-quarter of the total pro-

nature of the implosion reaction, thus achieving jcct cont for each of these systems. For Shiva,

the firs: milestone. Cyclops focused 0.6 TV on this amounted to $7H and for Nova we expect the

target from a single laser chein and has served as pulser power system cost to exceed $30H. We have

a prototpe for the large, alti-arm Shiva and developed reliable. cost effective, and scalable

*Work performed under the auspices of the U.S. pulse power technology specifically suited to
Dept. of Energy by the Lawrence Livermore Lab.
under contract no. W-7405-Eng. 48. mee the needs of large .d:glass lasers.
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leads$ with cvo distinctly diffartnc impdace

W- scxtes - toughly correspof .ing to the time dueing

I4 r vhich the lamps are In the Ionzation or triggeLin
q # " -- masdt And the cio at uhich fA full volume of the

1 0 lamp is cooducting current. Typical voltage And

I cu\t.jt vvdemot e for a series Imp pair At

shown In fig. 5. The 35 UY voltare pulse required

M ' =to initiate the ionization process is deliberately

produced by the transient behavior of the bank

IL cLrcuitry. After full volume ionia lon vichin

0Mthe lamp , te voltage and current Art related by

the nonlinear relationship

V - KII

fig. :: E-neg:y versus pulse width par=Meters Xor
the Jor pulse power requirements of rhe vte X is a constan decex-ined by the geonetry
laser fusion program. and &as fill pressure of the lMF. The exponent

I La approxlmetely .5 at Cu"IeC MAlum,

Ti~ure 1 show& the parameter space In which these
pulse Power '4qeuf*e S Se. The Iy energy,

last pulse circuitry *ddreuses :he n.eds for very

fts: opticsl switches which act to suppress amp-

ILOWLd spontaneous enission 0ichin the laser

chains, as well As to protect zhe laser from
.Ar;t refltcced light. The high energy, rela- -

tively slow pulse circuitry 7.dresses the pump

raquIr*enens for these lssers. and f: is -1t chis

ar4a that =ost of the system cost La accounted for.

';is technology has been the focus of a great deal

feffort 6 ,- ained A. :%provilg both its perform- .-. M

Anee And cost tif ctiveness. A
fig. 3: A 34 cm clear aperture disk supli.fir.

This par will describe the pulse power hardware The 16 xenon flashlamps (3 top and &
bottom) require a total energy of 300 k.

wh.Lh has been developed and -plenenced at the

Lawrenca Li,.er-ore Laboratory for these large .t*ova

.,3ser 3vaces, as -4ll As discussing 304 promising

alzarr.Actve technolg;es which are currently under .

Lar PFu..Inj Rteuire=ents

The laser a~plif ers (see fig. 3) are pumped with

intense brcadband Lght output from large bore

tenon flashlanps. The 4u=p energy is delivered in 1 M'" t,

Pp-xi=acel 00 ic rosecands and the pea: po, er -4 "S .' ?1 TO Jo !t 12"23

:equirezen:s (shoun in 7i1. ;) far exceed the C310""'00

ziapicy of the power Sr d. .us, jar;. capacitor

':snks are used as ne=ediate scora;e ele~encs, Fig. 4: The peak power requireaen=s for lasers in
the LLL ?rogram have beco-e increasingly

.he %anon .!lshlanps are nonlA.-r resistive large.
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Fig. 5: Voltage &M current waveoorm for large
bore xnon flashlamps.

The required energy per lamp depens upo the

length and disaster selected. ,his varines from a

few hundred joules for the small lamps to almost

20 kilojoul.s for the larler lamps. The law" are

arranged In series pairs sad driven by a capacitive
energy storage module which is tailored to provide

the necessary energy and pulse shape. ach module

contains the neceesary energy storage capcitors, Fig. 6: A 2.5 NJ sopeet of the 25 NJ Shiva

pulse forming Inductor, dump resistors sad high capacitor bask.

voltage isolating fuse. The modulas are asembled retrieval functions to aid in ost shot trouble-

as Integral units and are moved v th a modified shooting.

fork lift. Shown in Fig. & is a 2.5 KY "penc of

thase modules as Installed in the 25 MJ Shiva Vith this in mind, we have developed a digital

energy sto.age system. based cont rol and diagnostic syste with a high

degree of electrical isolation. The control

Controls system is organized around the LSZ-11 micro-

The design of the iontrols and diagnostics for computer as show in Fig. 7. Tht LSI-ll internal

:hese pulse pemer system is dictated by severe

operstonal requiremnts. 9 A large number of con- M-

trol and diagnostic points must be addressed and

these generally lie close to the pulse power

circuitry whiere they are exposed to transients of

several kilovolts. Thus a high degree of electrical

isula:ion is essential. The early system (Janus.

Cyclops and Argus) were small enough to allow the

use of hard wired relay control system with limited

diagnostic capabili:y. Shiva and Nova are sub-

stancially larger and chese control systems must be

able to carry out pre-shot diagnostics, detect real Fig. 7: Block diagram of the Shiva pulse power

time malfunctions, and implement data storage and control system.
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data bus .s excended throughout the laser bay and 1W sak IVFC

enerly storage areas to include all control and ''

diagnostic points. As shown (F14. 7), a 50 V, i _

lov Ledance data bus extends from the LSI-ll to- - 0
the Interface points, 60 kilovolts of optccal '|

Isolation is employed btween the LST-1l and the h r.rO

bus. And 3.5 kilovolts is employed bttveen the bus ' -"notz
and any Inceriace point. This system has been " 'o a

operating successfully I% the Shiva laser for the

past 1 =nths. 10D#4 -4 W -0,

For : ova, the same approach will be implemateda,

however, fibe:-optic links wili be uped extensively. rtg. 5: Tu 20-vey pulsars like the une shown

A prototype for the Niova control syste Is above are used to drive the Shiva tockels
cells. The swvtch can be either a

curmetly under test. triggered spark Sap or a hydrogen thratron.

nPr~eal Cares The rice time and jitter requirements for the

A variety of optical gates have been developed for .ockels calls used tn the oscillator switch-outs

use within the laser chains. These can be caca- are considerably tnore severe. Pert, a vary nirrow

gor.led as either opening lates (used co prevent pulse is needed (1,110 na) with pulse to pulse

a=?if ltd spontaneous emission during the pump jitters of much less than a nanosecond. For these

ptritod) or closing lates (uded to protect the laser applications we have developed planar trod, pulse

from tar;et back reflected light). circuitry such as shown in Fig. 9. The use of

planar triodes, constant resistance networks and

At the small aperture points (2 10 cm) in the high frequency circuit techniques11 has made

laser chain, Pockels cells are used as opening possible a family of pulse amplifier: with nano-

at3es. At apertures larger than 10 ca, ?ockals second rise times and jit:ers of less than 100 ps.

cells are no longer practical because of the Typical outputs are in the range of 5 to 15 kM.

diff.culty of growing large diameter crystals.

For the large aperture applications we have

develcped fast rotating shutters which will be

1,nated at the focal points of the spatial filters r

where -he ban diamettr is a few millimeters. " * --- " __ "

?n eneral, the Pockels cell circuitry supplies

pulses of about 10 k with rise tin'es of a few
rinostconds and pulse "idths of several cens of

-anoseconds. The circuit10 shown in F ;. 8 is

currently In use in boci the Shiva and Argus

lasers. As shown, a single spark Sap (or :hyra- Fig. 9: Shown above is one exa-ple of a fas%

ron) switches the shields on 20 separate cables, planar triod. pulse amplifier. A number
of these are currently in operation pro-

Th-e pulse width i set by the pulse for=ing cable ducing output voltages across Pockels

and :he :o:d cables feed the Fockels cells. Pulse cells of 3 s 5 kV wth rise -. s of
I- us.

:a pulse ..-ter is less thart 10 nanoseconds.
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"'ating shutters are used to prevent target back-
reflected 1lght from reentering the laser chain
and damaging optical components. Present systems

'-lOpy Faraday rotacor/polarizer combinacions as
optics| gates. However, this is an expensive
solution, especially at large Apertures, because ..
the .tr;y contained in the magnetic field In the

rotator $lass increases directly as the volume.

In addition, the rotator glass adds nonlinear path -

length to the bea. We have developed an alter-

native fast closing shutt*r1  which is located at Fig. 11: Cross section of the plasma shutter
the final spatial filter pinhole. This shutter pulser.

,: own ir Fig. 10) rapidly injects a plasm of
density treater than 1021/c€ 3 (the critical deni-ty hardware which will operate reliably for 107 to
for 1.06 =icron light) across the spatial filter 105 shots on a rep-rated basis. Further, the
pinhole After the outgoing light pulse has passed. installed costs masc approach a fev dollars car

A plas-a velocity of about I cx per microsecond is Joule in order for any of the inertial confinement
required to insure the pinhole is blocked before fusion driver options to be economically feasible.
the reflected light returns. The plasma is pro- This Implies the development of lover cost, rep-
duced by sublimating a small mass of aluminum foil rateable energy storage systems, reliable, high
with pulsed energy from the low inductance PYN power solid state switches, and system configura-
shown in Fit. 11. ELiht of these ?FlN's are MIarx tions which do not involve stressing dielectrics
charged to 50 kV and discharged through multi- into the corona regime. One such concept is
channel gaps into the foil. A total energy of illustrated in Fig. 12. As shown, the use of a

appro --.tely 10 kJ is rinquired. fast discharge (50 to 100 us) primary energy source

makes possible a system which eliminates tb't

' t-OWrequirement for a transfer capacitor and allows
for rapid charge of the output pulse forming line.

Priay Fat LoadNWW' Sew ufa S"p switch !-

~~ Pulsed
Fig. 10: A fast plasma shutter is used to inject shornoto

a denso plasma across a spatial filter
pinhole to block back-reflected beam
from reentering the laser.

Fig. 12: The basic elements of a fast charge/
Long Term Reouirements discharge rap-rateable pulse power

In the near cr=, we are meeting the laser fusion system.

pulse power requirements by implementing hardware
solutions which are based upon existing technology

of moderate extensions of existing technology, power pulsed energy source and the University of

The longer ter= requirements involve developing Texas, renter for Electromechanics at Austin, is



currently Jevaloping such a device1'1 (the 8. J.P. 4&rkiWvicz and J.L. 6,tc-r "Design of
c*-_ltn~tt puled ltenatr) fr te LserFlashlamp Driving Circuits", IZE Journal of
~~nscedpuled ltenato) fr te LserQuantumt Electronics, t1ov. 1966, pp. 707-711.

Fusion Program. This mnachine, shown In Fig. 13,
is a rotating flux compressor capable of producing 9. P.R. Rupert, L. 114:kbiglar, W. CatAon,

0. Cricton, "A H~igh NIoise ?Imna, Digital
megajoultis of output energy over A pulse width Control System for the Shiva Laser', Proc. of
range from several zilliseconds to below 100 us Seventh Symp. on Engineering Problems of

Fusion Research. Oct. 1976.
Thet prototype, currently under test, is deuigred
:a drive flashilazmp loads with a half millisecond 10. S.M. Carder, "Driving Pockels Calls in Multi-

Arm Lasers", 13th Pulse ?over Modulator Synp.,
pulse of About 100 kcA at 6 WV. Alfter verification Junei 1978.

of the prototype performance, a larger machine, 11. M.M Howland, S.J. Davis, V.L. Gagnon. "Vary
in the several megajoule class and with an open Fast, High leak Power Planar Triode Amplifiers

circuit voltage of approximately 15 kV will be fo Driving8 Optical Cates" Froc. of 2nd IEEE

built. We hope to implement this technology for It of nPle oeJn 99

Phase It of the Nave project. 12. L.P. Bradley, P. Koert "Plasma, Shutter for
High Power Class Lasers", Proc. of 8th Int.
Symp. on Discharges and Flectricai. Insulation0
In Vacuum. Sept. 1978.

13. W.F. Weldon, W.L. Bird, M.D. Driga, K.M. Tolk,
H.G. itylander, H.H. Woodson, "Fundamental

~' Limitations ad Design Considerations for
,~iL .4Compensated tulsed Alternators" ?roc. this

14. W.F. Weldon, V.L. Gagnon. 3.M. Carder,
r ~ Compensated Pulsed Alternator, LLL T3007,

July 1978.
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P3.3

Self-agetically Insulated Power FlowR

J. P. VanDevender

Sandia Laboratories, Albuquerque, ew Mexico 87185

Abstract Later experiments1 O an the Mite accelerator, which

is one module of ESFA, revealed several loss
Electromagnetic power transport through self- mechanisms. When these mechanisms were avoided by
magnetically insulated vacuum transmisalon lines redesigning the input into the MITL, the pover
has been developed into a useful and reliable transport improved to - 100 percent with a negativa
technology. A power density of 160 TWa' has inner conductor. The results have been interpreted
been transported at - 100 percent efficiency over as a set of criteria for efficient self--agnecic
six *eters. The theoretical understanding of pover insulation.1  Positive polarity operation was
flow through lines of constant cross section has not attempted ailthat time. In a subsequent set
progressed through analytical theory and 2-D elec- of experiments, which will be briefly discussed
tromagnetic particle simulations. However, work at the and of this paper, an injector convolute
needs to be done on the effects of line transitions that operated at - 100 percent efficiency in ei:her
in which the cross section changes in the direction polarity was developed and adopted for EIFA 1.
of pover flow. The major features of our present
understanding will be reviewed and some promising In all of these experiments the most Intrinsic loss
hypotheses now under investigation will be was associated with the transition from the weakly
presented. stressed vacuum Insulator to the highly stressed

magnetically insulated transmission line. Much of
Introduction our recent power flow research has been directed

tovards elucidating the physics of that loss
High current particle beam accelerators for mechanism. In this paper the basic phenomena
Inertial Confinement Fusion must produce approxi- associated with long self-sagnetically insulated
mately 30 to 100 lW of power and deliver it to the pover transport will be reviewed, the elements of
anode/cathode (A-K) gap at --i meter from the our working hypothesis on the effects of convolutes
target. The limiting factor" on accelerator will be presented, and the implications of the
power has been the allowable power flow through the hypothesis on bi-polarLty input convolutes will be
interface between vacuum and the liquid dielcc;rlcs discussed.
in the pulse forming network. Several authors" '

have proposed using many separate vacuum interfaces Self-Mamnetic Insulation in Vacuum Feed Lines of
in parallel and transporting the power to the A-K Uniform Cross Section
gap through self-magnetically Insulated transmas-
sion lines (XITL). In ICF accelerators, the The self-magnetically insulated flow in a long MITL
20-40 ns pulse width is less than or equal to the is established in the following steps as indicated
two way transit time through the vacuum line. in Fig. la-ld, When a volzage is applied to the
Consequently, the power transport must be made parallel plate transmission line of impedance Zo,
efficient oithout the benefit of choosing an a TEM wave propagates down the line as shown in
optima load impedance to improve magnetic insula- Fig. la. When the eleccric field in the line
Cion. Self-magnetic t4sulation in these circur- reaches 25 to 40 .V/u, explosive emission - occurs
stances is called the long line or short pulse on the cathode and a cathode plsa forms. A coat-
problem and has been tbe object of sajor research ing of carbon that is - 2 x 10- a thick with a
and development efforts in the EBFAO accelerates surface resistivity of - 103 fl/sq facilitates the
program at Sandia LAboratories and the Angara V formation of a spatially uniform cathode plasma.
program at Yurchatov Laboratory. The plasma becomes a space charge limited source of

electrons which are initially accelerated across the
Experiments 7n the long line problem at several gap by the electric field, as shown in Fig. lb.
laboratories *, * showed net pover transport When the magnetic field from the displacement cur-
efficiencies of - 60 percent through six to ten rent density It and the electron loss current density
meter long lines with negative i.ner conductors. T becomes sufficiently large, the electrons behind
The efficiency dropped to - 40 percent with the tkat point are prevented from reaching the anode
positive inner conductor required for light ion and are magnetically insulated as shown in Fig. It.
acceleration. Since the cond.tctance is greater than zero in the

egloee tgaon of loss prop3a as at a
*This work was supported by the U.S. Dept. of velocity'-  1 less ohan c - 3 x 10 a /s.
Energy, under Contract DE-AC04-76-DPOO789. Behind the lossy front, the pulse propagates at c.
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idealized model of the front as ilustraced in
Fig. 2. A voltage step, which has sufficient
amplitude to form the cathode plasma, propagates
down the line at the velocity of c. Since the
lossy front propagates at a velocity U < C, the

'N duration of this precursor increases with time.
::I,:Lx. . In the lesding edge of the lossy front, the space-

charge-limited electron emission loads down the
voltage. Met of the loss current is lost at a
voltage of 30 to 50 perceli of V, which is the
voltage bind the front. lots the manetic
field and the voltage increase with Increasing
distance into the front. Behind the loss region,
the vacuum gap between the electron flow and the

EUcr, qanode increases with Incressing distance from the
front. As the electron flow recedes from the
anode, the effective line impedance' -'LCincreases
and the voltage Increases to Va. The scale length

over which the loss occurs Is several times the gap
width. f.though the measureuenty- loss current
den ity,L Ad precursor voltage and Pulse
risecLme " '  are consistent with this model, the
data has not been adequate to verify the details
of the structure.

Fig. 1. The steps in which magnetic insulation s
established are shown.

A. E <.15 WIN.
b. E > 25 M.V/m; I < tcritlcal
C. I - 1criti al1
d. The fronc s established; V/I the

self limited impedance. _

As discussed by Xataev,13 the effect is analogous '
c) a shock -ave in 4 gas. Since the shock velocity
is ldss than the sound speed behLng the front, the
tner;y propagates to the shock front and steepens Fig. 2. From a 2-9 simulation like Ref. 15 by
the pressure profile until the width of the shock J. W. Poukey, the voltsge and loss current
front is determined solely by the nature of the profiles in the front are shown in ()
RisstpacLve process in the front. Sisilarly, and electron trajectories are shown in
:he power flow f3 the lossy front in an "electro- (b). The total loss current is 177 kA
ma;necic shock" causes the voltage profile to ouc of a total current of 450 kA for
steepen until it is lnited by space-charge-limited Vo - 2.4 4V.
electr9A flow in the front. In the Mite experi-
ments,- the measured risetime of the front was
iLi:ced by the frequency response of the Rogowskil The details of the front structure are important
oiL current monitors and the :ecording oscllo- because they determine the total current IT and
scope :o < Z ns after six m cers of line. boundary current 13 (i.e., the current flowing in

the cal, negative electrode) throylh,;he 4ITL
!he very large dl/dc 2 2 x 101l Als is advantageous behind the front. The 1-D theories -'- have
for diode operation but causes rather severe dLag- shown that the a continuum of solutions exist for
nostic problems. When the voltage pulse has the total current in a HITL at a given voltage.
sharpened to its self-limited risecime, the strue- Each solution corresponds to a different value of
ture propagates down the line as shown in Fig. ld. I/IT and a different boundary co the electron

flow, as illustrated in Fig. 3 for parapocential-

.he structure of the front determines the ratio of flow in a 2 ,V line of impedance Z . The correct
the voltage and current behind :he front and deLer- solution of the 1-D flow is deternned by the 2-D
mines the sensitivity of the electron flow to flow in the fronc.
perturbations In the line. The structure of the
!ront has not been adequately investigated experi- The experiments with short, self-limited lines and
=entally. However, the 2-9 elec:rt agnetic ?IC long self-magnetically insulated lines have shown
siu!atlons of ?oukey and pirgeron and the -hat the ra~o,9f V_/I._ is a func:ion of the
analytic theory of ;rdeev yield the following vol-age. 1 ,

'
, These ata are interpreted in
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The loss problem At low voltages is compounded by
the formation of an anode plas produced by box-
barduent of the anode by electrons from tht satu-
rated flow. When the e-odt plasm is produced, an
Ion loss current flows to the cathode and is not
affected by magnetic insulation. This condition
is followed by rapid shorting of the line as the
two plasmas expand across the Sap. Thest effeccl,
have been observed In 200 to i0 '?IV experisonts-1
but never In 2 NeV experiments. Finally,
the velocity of proragation of the front is depen-
dent on the voltage and, hence, a larger frot:ion

• .:. •of the pulse is eroded Wady At low voltat.
* I Although the velocity is pulse dependent, the

experimental data In Fig. I. and the theory in
Psf. 14 can be used to estimate the front velt;cI-y
8,C for a square voltage puld, as shown in Fig. S.

Fl;. 3. The range of parapotent:ial solutions for
I.T as are function of LrIT/ for V0 - 2 .4%'
is shown. rach solution corresponds to a
different position XF of the electron
sheath in the lap D.

Fig. & through the parapotentia1
20 model to yield 41

the ratio l/IT and X /d In which X, is the thick-
ness of the -lictron 1lo* and d_ is the vacuum
gap. If X/d 0 - 1, the electron flow entirely
fills the vacuum gap and the flow is called satu-
rated. If X /do < 1, the flow is unsaturated •
and there Is a vacuum gap between the flow and the .
anode. The ratio of X./d0 indicates the sensitivity
of the power transport to sall perturbations in
the gap separation. If the flow is very close to Fig. 5. The front velo-iry as a function of
the anode, then small perturbations In the line voltage..
geometry may cause the sheath to fluctuate and
part of the flow to be lost. The parapocential
2odeL may not exactly describe t flow in a MITL, For an input pulse of duration in, the duration
for example, the 2-D simulations show that the T of the output pulse after L meters of livie
sheath boundary is diffuse and is not discontinuous woud be (Ti. -(L/Ofc)(1/# -1). For -in a 40 os,
as the parapotentlal model requires. However, the L - 6 a,Tn. 10 ns and 3& ns for V - 0.2 KAV
location of the shoath bounT4ag rjrs with the and 2.0 4e respectively. Consequently, che
model And, both experiments' o 0 4 and simula- higher voltage is extremely advantageous for
tiors have shown sufficiently good a agreement efficient power and energy transport.
uirh the model to justify the utility of the model.
We. therefore, conclude that the higher voltage The power delivered to a load at the and ot a self-
MITL is less sensitive to Sap tolerances and line magnetically insulated transmission line Is very
perturbations, and efficient transport is more sensitive to the load Impedance Z. If the vacuum
readily achieved at the higher voltages. wave impedance without electron fiow is Zo, then

the electron space charge and current density
distribution in the gap causes the line to operate
at - Zo. For all conditions,_O a5 less then
one and isa function of voltage. 

'" 
I'( At

0.5 MV and at .1 MV, a equals 0.35 and 0.63 respec-
tively. When the line is ttrxinsted in ZL > 1
the difference between the load current 1L V)ZL
and the current required for magnetic insulation,
IT - V/Zl, is lost to the positive conductor
next to the load, and there is no reflected wave.
Consequently, for ZL > Z1. the voltage is vo,
the matched voltage.

If Z.<Z1 , the wave is partially reflected fro
theload. The reflected wave increases the total

I current and decreases the voltage. The electron
'7tLt flow Is compressed much closer to the cathode under

such conditions and the line impedance becomes
Fig. A. The ratio of IA.IB and XE/D vs. V from z Zo . The boundary betwetn Z - Z, and Z "

data in self-linited experiments. Z2 Zo t ravels back through the line. The



forward going wave with volzaige Va. In the region
where :. " Z, stes a mismatch to Zu4and another
At 0 I.- Q.nsequencly, the load voltage is L :

o 1 L 0 .

and the load cur-ent is V A . for a ihoct c.r- r .o
Cults IL "(VoIZ )CaoI -r aj) and LA always
Its* than twice the matJAhd load current V /I.
she approximate load line far a MITI, bse*2 an
this model is shown In Fig. 6 with data frog t
Wa. 9 and 10.

Fig. 7. Sumary of the Mice data& for 0.04 a transL-
________________ *tion and 0.14 a transition seictions At
* shown in 7a and Ab respectively. Thea lint

profile, the inpuat current end output
current 1.,, and the electron energy dis-0
crib tkanact the input C-) and output

are shown.

__________________________The Interpretation of this result foame a working
hypothesis that is currently being explored chto-

~. reticall 6 aqf experimentally at Sandia. Early 1-0
theories featured electrons with the canonical

Fi;. 5. The normalized load voltage as a function soeentui in the direction of the electron flow X
Of ZLOAD/"' for a lUne with YO -2 V. givenby1. rUY 7ilu - SA .0, Litwhich Yis the

0 usual relativistic factor for an electron with rest
mass a, charge (-t), and axial velocity UX at a

A ' 'Nrking Hvpotbesis for the Effects of the position when the vector potential in the axial
Zonvolutes an UUelf-agnatically Insulated Flow direction is el.) The 1-D flow has been generalized

by C. Wi. Miende ' for an arbitrary distribution
The discussion in the preceeding section was based of?,adh eosrte hteecnswt
'.,% te Assumption that the electron flow behind PY.in < F': 0 aend P X. P > 0 all flow In the

he:raone reaches an iquillbrius and is stable. The spaice between alactro4l's 1her orbits do not
exIstence of such an equilibrium In 1-0 fl11 j intersect either the cathode or the sade. the
teent the subject af theoretical discussionl O4 and upper ad lower bounds, ?, and PxL Ar.z bqiltl oexplain experimentally asve dtrmndby teself-coUTI~scei s L
tbssas. - a- .' Howeva e Mice experiments A,(y) and the voltage V(y) across the gap.
indicate the Stability of the flow is governed by
hiow :te transition is made between the wakly Since Ux (P + *Ax)/u, a distribution in ?_. pro-
stressed vacuum insulator and the highly stressed duces a distilbution in Uxat any position. tihe
1ine, !.e., the Injection convolute or transition electrons artetither born in :he uniform Hl'.L or
setion. The results of two dif! -ant transition are born In the convolute imediately before the
sections ftan the Mice experiment' are shown In line. The Lagrangian of an electron in the
Y~g. 7. The A cm caper, in which the line separs- magnetically Insulated flow is given by
clan decreased from 2 cm to I cis, showed severe L - -4+ eV -UA,. From tlgrange's equation
losses in transported current and the tine with ? M L/aU - dP /dt - 8LIOX. In the uniform
incearaced electron energy distribution at the '.ine, a/aX -0 so Px is a constant of the motion.
outuc as shown i.- Fig. 7b. The loss occurred If Ax - 0 and Y O 0at the cathode surface. then
!between 0.5 and 1.5 m Into the line and that region Px - 0 for the electrons originating at the cathode
Itad striations on the cathode that were approxi- in the uniform line. Tshiese electroas are astumito
mately I cm In axial extent And 10 cm apart. The toa be the domitiant electron species.
periodic structure suggested that an instability
;raw with a growth length to saturation of - 0.50 In the transition convolute leading Into the uni-
Sand a waelength of -10 c=. The Apparent insta- form line, 3/6x i 0 And d?.xldt 1 0. As thase
bMlicy has not been Identified. electrons flow through the convolur% they acquire

a nonzero canonical momentum and provide a second
The 14 zz taper showed excellent transport of cur- species of electrons flowing In the uniform line.
rent, and the electron energy distribution at the 7he second species has a distribution FlIPx), and
3utput agreed -jith that inferred from the input so the total canonical momentum discributi7on is
4ata as shown in Fig. 7b. There was no evidence
of the striations on the cathode 3r of any periodic F(7P) Fi(P.X)r N3(x
st1ructUre.



inwhich 6(?)O- 0if? PXOand Ox) - I if Px
end N, Is the number density of zero canonical
momentum electrons in the flow at a position (x,y).

The stability of the flow depends on the details , t-t
of FO) Consequently, we need to estimate
F(I.) produced by a given convolute. A non-self
consistent analysis of the lkectron flow through
Injector has been performed" and Is based on
the assumption that parapotentlal theory is locally
applicable at each position in the convolute. The
calculated distributions F(P.) suggest that a0 broad distribution is correlated with efficient
transport ind a very narrow distribution is corre-
lazed with losses in the experiments. Fur;her
analysis Is In progress and an experiment to
masure F(PX) in the uniform MITI. with a laser _, __,,____"_

scatte-nt technique is being studied to determine
Its foeasibility.1

In usary, the primary features of the working A tC"

hypothesis are 1) convolutes can produce electrons \
with non-tero P., 2) these electrons flow through
uniform self-sagnetically insulated lines for many
(D50) Larmor rad.±-, 3) these electrons Interact
wIth each other and the P - 0 electrons of the
main f ow to cause the observed losses, and 4) the
discribution i(P.) is governed by the convolute
geometry and determines the stability and power
transport efficiency. , ' - '

lereron and ?oukey32 have suggested that an insta-
bility between the bean electrons and those with Fig. 8. The EAFA I translation section and its
Px a 0 is not necessary. Rather F1 (?x ) may have a profile of vacuum impedance vs. X are
sufficient number of electrons to account for all shown.
the losses. In their model, the beam electrons
from the convolute random walk their way to the
anode and are lost from the system. The hypothesis between the logsy and the efficient profiles of
implies a very broad distribution of Px with Fig. 7, as shown in Fig. Ob. Since the transition
A? vme the loss region in contrast to the is very gradual, the distribution F(P.) is expected
-1? a 10"° ac calculated from the convolute model. 30  to be broad, although it has not been calculated,
The messurement of F(Px) should test this hypothe- and hence Is expected to cause efficient power
sis but it is unlikely to 15plain the regular transport. The power transport efficiency through
striations on the cathode. the six mater long HITL was inferred from the

total current with A self-limited load, from the
Recent Experiments and Implications of the Workiug voltage calculated1" from the measurements of IT
Hypothesis and I in the self-limited node, and from the short

circuit current Interpreted with the MITL load line
When the polarity of the center conductor is in Fig. 6. These measurements indicated 95 + 8 per-
reversed, the distribution of V(x,y) and Ax(x,y) cent power transport efficiency in either polarity.
is generally changed. For low Impedance coaxial The development of an injector that works effi-
systems with a gap separation d <( r and for ciertly in either polarity was guided by the working
parallel plate system, the Lagrangian changes hypothesis and extends the utility of EUFA I to
very little when the polarity changes. Two dinen- include ion diodes that require positive polarity.
sional electromagnetic, PIC simulations of the two
polarities in the same system with d/r s 0.7, Conclusions
showed ves3 minor differences in the behavior of
the flow. However, if the injector convolute Substantial progress in developing self-magnatically
has inner and outer conductors of different shapes insulated power flow has been made in the past
then the net power transport efficiency for the three years. In regions where the cross section
positive inner conductor is about 603 ercent of changes with the direction of power flow, the
that for a negative Inner conductor. details of the geometry determine the behavior of

the flow. The mechanism by which the geometry
A new injector convolute 11 was designed and tested determines the power transport is currently under
on Mite to reduce the asymeetry between the positive investigation. Additional research on the electron
and negative polarity nodes of operation. A cross flow through convolutes of both types and all
section of the geometry taken through the mid-plane polarities may be expected to improve the power
is shown in Fig. Ba. The vacuum impedance profile that can be delivered to an inertial confinement
as a function of distance into the convolute was fusion target.
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1.1

Repetitively Pulsed Electron less Diode Lifetime ani StabilityA

M. T1. luttran

Sandia Laboratories, Albuquerque, 14ev 4eLxco 87185

Abstract voltages in excess of I WV. The cathode diameter
is limited to 5 a or less so that the bea area

Repetitiely pulsed vacuum bau diodes will be is at sost 20 cus. Typical operating voltages
required for most projected inertially confined are 200 to 350 kV; thus to match the 9.5 fl PYL the
fusion systems. Yet data on the operation of and-to-cathode (A-)) spacing as calculated from
diodes under repetitive pulsing is sparse. This the space charge limited flow equation
paper dis usses the operation of a 250 kV,
1.5 kIc:z diode at repetition rates to 30 Is for 137w d2

sustained runs. Short term stability is typically A (1)
3 percent (standard deviation). Longer term there A
is a drift toward higher impedance at the start of
the pulse. Details on this drift and a comparison is In the order of 0.5 ca. (The diode voltage V is
of this process for a rather blunt versus a sharp in megavolts. A and d are the bean area and A-K
edged cathode are presented. spacing.) no anodes used were 0.3 ca thick aluminum

plates backed by a water jacket. Calculatiun and
I:roduction experiments indicate that the anode should be able

to survive beam heating rates corresponding to at
The development of repetLtitvely pulsed vacuum beau least 30 Mi.
diodes is crucial to most inertial confinement
fuion (1CF) concepts whether the 4rLvr be elec-
trons, light ions, or lasers. Typical pulse Wf31
repetition frequencies (Py7s) being discussed are
10 Rz or less based on factors like the speed at--
which a reactor can be recycled between shots and
the PRF needed to produce a reasonable power output
(perhaps 1 GW) given a reasonable pellet yield
(100 M'J). The rate limitation is not in general CAT=(C
based on pulsed power considerations. Instead it
is assumed that pulsed power system can be
developed to provide repetitively pulsed drivers
of suitable PR?.

This paper addresses the operation of vacuum beam _._..--

diodes in repetitive service. Problems specific to L,

individual ICF schemes, e.g. repetitive extraction
of pinched beams for particle bea applications or
anode extraction foil survival in the case of laser
diodes are not considered. Instead the subject is
the general stability both short and long term of a
diode in the absence of the transport of anode
material to the cathode (blowback). ] CM

Experimental Details

Data were taken with the RTF-I 100 Hz high voltage
pulser (trinsforer driven, oil insulated, 9.5 fl,
700 kV PFL ) attached to the diode shown in Fig. 1.
At the left side of the figure is one side of the
self-breaking gas output spark gap of ITF-I. Oil Fig. 1. Schematic of The RTF-I diode.
insulation ends in a diaphragm type vacuum inter-
face designed to operate at pulse forming line Diode voltage was measured with an integrated dV/dr

monitor located at the output end of the high
*This work was supported by the U.S. Dept. of voltage gas spark gap. It reproduced the diode
Energy, under Contract DE-ACO-76-DPO0789. voltage waveform and could be consistently
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calibrated. However, in common with all Integrated A second volcage plateau (and an associaced second
monitors it produced a low output voltage unsuited current plateau) occurs when the voltage ceflected

for input to the waveform digiti:er to be discussed from the diode during the turn on phase returns from
later. In contrast a cesisyive voltAge monitor re-reflection, at the transformer end of the "L.
located In the annular water resistor shown in For i new cathode, as is the right photograph o(
Fig. I reproduced the temporal shap of the diode fig. 3, the two plateaus are well defined. As the
voltage aveform but did noc appear to maintain a cathode ages due to repetitive pulsing the turn an

consisctnt calibration. It was originally call- phase takes longer and the leading voltage spike

braced along with the dVldt And a capacitive widens and destroys the first plateau (left photo).
monitor measuring the PTL voltage using 2icro- The second plateau becotes longer with the net
second Vulses At voltages up to 90 kV, Al three effect that the total energy delivered to the load
monitors agreed on temporal shape and amplitude, remains relatively constant (to about 10 percent).
For short ((0 ns) pulses the dVIdt was later This is presumed to be a consequence of the fact
found to read 50 percent higher than the annular that there is nowhere for the energy originally
resistor. Measuring the leading edge of an open stored in the PFL to go on a nanosecond time scale
circuit load shot, the dVldt save an output voltage except into the diode. Energy reflected from the
equal to the PFL voltage but the annular resistor diode early in time will ultimately return and be
was 33 percent low. This Implies that the dV/dt converted into beam.
monitor is correct. Uhenever resistive monitor
waveforms are used their amplitude has been
:essled =atch the dVldc monitor.

Figure 2a (upper trace) shove the annular resistor
output for a typical event. It compares well with
the dV/dr waveform of Fig. 2b. O ode current as
measured by a 0.135 fn low inductance resistive
shunt (CVi) Is shown in the lover trace of Fig. 2a.
The diode has a deftnite "turn on' phase during
which the emitting cathode plasma is formLng. it
is charActeri:ed by a voltage spike and a delay to
significant current flay. After emission has b4gun (a) (b)
the voltage drops to a plateau value which uniquely
specifies the diode Impedance (Z) through the Fig. 3.. Wavelem for a ring cathoda.
relation a. Aged cathode wavefom (20 ns/cm, upper

trace voltage at 120 kV/div, lower

Z trace current at 15 kA/div).
VpLT.Au *m--m VFL (2) b. N4ew cathode, same scales as a.

To follow the aging process and to let a good
where Zo and Vprr are the PFL characteristic measure of shot-co-shot stability requires the
Impedance and vMtale raspectively. Inductive analysis of many events. Processing a sufficient
correc:Ions are insignificant at this point because number of photographs to properly diagnose a
dI/dc is small. If VPFL is measured as the repetitively pulsed diode run is time consuming
naxicum diode voltage for an open circuit shot, 7. and the most interesting events, e.g. those
=ay be computed ftom Z and the ratio VL%7-1AU/VrL immediately preceding diode failure, may be com-
which is independenc o? the probe calibraion ..:t plecely lost. Therefore, a waveform diliti:er
practice the impedance thus measured was used capable of recording voltage and current waveforms
together with the measured diode voltage t call- at PRF's In excess of 100 Hz was developed. Each
brate the current measurement. -aaveform is split into 24 separate signals using

high fidelity resistive splitters. These 24 wave-
forms are staggered in time by & no using cable
delays and a small ((0 n) time slace of each is

__ digitized using 24 fast sampling analog-to-digital
converters (ADC's). Each wavtform is sampled at
the sane real ciae thus because of the staggering
of the waveforms the points actually sampled are

separated by A -s from waveform to waveform. The
first sample is taken 12 ns prior to the wavefarm;
so the first three ADC's sample baseline. There-
after up to 80 ns of waveform may be digitIzed.
Because. the ADC's sample only negative signals

(a) (b) any positive afterpulse is lost. The raw data
from each event is stored on magnetic tape for

Fig. 2. '%avaforms from a relatively new :oll pin subsequent analysis. A fraction of :he data are
cathode. also analysed online to monitor the progress of
a. Voltcate (upper trace, 120 kV/div) the experiment. The ADC's requite input signals

current (lower trace, 15 kA/div) mf several volts amplitude (after a 214:l
20 ns/div. division) thus forcing the use of the resiscive

b. V voltage (20 ns/div., 120 kVdiv). monitor output for :he voltage waveform.
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Wsults Filure 3 illustrates the aing process in another
type of cathode, one vithout the large field

Figures 4 and 5 show dili.ciz:1routputs for a new enhancements present at the tips of the roll pins.
ca:hode &nd for one aged by 105 shuts. The 7?R  This cathode tits irom the edges of conctn:rec
v4s 20 8-:. These data were taken vith a cathode rings cut into a brass block (Fit. 7). The Vave-
made o f roll pins (0.16 c diameter hollov cylin'- forms are rather similar and the aging is qualLca-
der*) mounted on a brass backing (Fig. 6). The :Lvely the same. QuantLtatively the roll pin
array produced a bea 5 cm in diameter. The pins cathode ales somewhat sore rapidly. If the
have sufficient electric field anhancement at their impedance at the peak of the voltage waveforam
tip to turn on quickly but also year out rather (normalized to the value at the outset) is plotted
rapidly. The pins on the outer perimeter of the versus accumulated shots (FIg. 8), the roll pin
cathode zelted back as mch as 0.2 ca during the impedance Increases much more rapidly beyond 25,000
10 shots between tbe data in Figs. A and S. shots than the ring cathode imdance does. The
Eroalon of the inner pins was less severe. The roll pin impedance doubles in 50,000 shots but the
figures shof the readjustment of the voltage and ring cathode impedance requires almost tvice As
current uaveforms during aging as previously dis- many.
cussed. ?otice that the impedance late In time
(beyond 10 ns) is virtu.ally unchenged during the
aging process. This late in tie plasma has formed
on :he cathode and, since the driving voltage is
unchanged, the impedance should be the same.

14" 0 , A , l I

I il i I ,

3. . 9 j ' '* '

Fig. 7. Used ring cathode with anode showing beam

I . '

I II i I -T tioil
(4) (5)1.0

Fig. A. Digitizer output waveforums for a noy a
cathode (left). • o

•0

Fig. 5. Digitizer output waveforms for an aged 0 o

cathode (right). I1o90

OfIN OIL

1IAPS(S IVINuS (e1<-saOs)

Fig. 8. Change in the diode impedance at voltage

zaximum vs. accuamulated shots. The dots
and dovnvard pointing arrow refer to the

Fig. 6. Used roll pin cathode together with anode ro),l pin cathode. Circles and upward
shoting bear daae. aroys correspond to the ring cathode.



Thi plot also illustrates several other points Us to the origin of the aging, two mechanisms
about cathode aging. It is not strongl.y rate immediately juggesc themselves. It could result
~deant. The -oll pin data co 45,000 shots voe from ct destrutcion of cathode uhiskers whe
taken at 10 H%:. Aim-r a Change to '.0 H& the datA ixplosion io thought to product the cathode p1sm..e
continued along the same line. The aging process This would be a process ejuivalent to the brtaking
can be reversed by a light Application of diffusion in of CC vacuum insulators. In that case the CC
ptup oil to the cathode surface as imdicated4 for voltage to raised slowly whIle the Insulator Is
both cathode types. The ring cathode photographs separated from ct power source by A high Impedance.
of Fig. 3 show voltage and currant for A single Very low current discharges occur which do not
shot immediately after oiling An aged cathode damage ct electrodes but do remove the major
(lait) and !or the second shot after oiling whiskers to that the hold off voltage increases
(right), Uhe first shot is equivalent to an aged with each discharge. Zn this way the hold off
cathode avert, the second to at fresh cathode. Zn voltage is slowly brought to the desired value.
fact, its illustrated in Fig. a After oiling the In the present came the discharged current Is not0
cathode becomes a better emitter than i: was at constrained to be **All And electrode damase does
the start of the run. occur. .11vtcthelass over teas of thousands of

shots whisker removal my occur.
As regards shot-to-shot stability, Fig. A and 5
demonstrate that it is quite road. The "error Aging could also result from the. destructioa or
bars" on those waveforms mark one* standard devia- covering over- of whiskers by anode blowback. To
:ion variances about :he mean values. They are in distinguish thes& two poessibilities there are
general At the level of 3 percent, during the flat several options. One can look !or whiskers before
portion of the pulse And somewhat larger on the and after aging in an acteurt to detect ay cat
rising and falling edges. IN. voltage is slightly gain or loss. This may be it difficult task to
mote stable than the current. Measurements of perform. One may attemp: to change the blovback
very stable calibration pulses have standard devia- to change the aging as for example by changing
tions below I percent even on the leading and anode material or beam current density. To the
trailing edges. Thus the Jitter due to the diliti- extent that blouback is increased with increasing,
:er is negligible CIt adds quadrature with the repetition rate rig, S argues against its being
diode Jitter to produce the observed result). the the cause of aging because the aging process was
data show that diode stability does not change as rate independent Finally an examination of the
the cathode Ages. There is Apparently some varia- extent to which blowback debris covets the emitting
:ion in the tate at which cathode plasma 1.a pro- areas of the cathode could determine whether blow-
duced which creats the variability of the, leading back can eliminate a significant fraction of the
idge. This is reflected in A change in the overall cathode whiskers. All the above options ace cur-
pulse length reflected In the trailing edge Jitter. rently being explored.
This may account for the variations through the
center of the Pulse as well. If the Aging problem results from &aode blowback it6

could be significant to pinched bean diode opera-
Runs on zt roll pin and ring cathodes lasted tion in where bloiaback nay ha severe even with A
10'0,000 and 157,000 shots respectively. The roll nominal plasma anode. The pzasent experiments a
pin data vare distributed approximately equally so remote f-om such a diode that no conclusions
between 10 and 20 Hz. The :ing cathode daca were should be drawn. However, if the aging is a
at 22 and 30 Itz. Anode damage with the toll pins result of whisker loss, sharp edged emitters (with
wa -4o5s at 20 Hz than was the damage from the relatively fewer emission sites) should age faster
-Ing cathode at 30 Itz, but in neither case was the than blunt cathodes. Thus sharp edged emitters6
run stopped by diode failure. the data of Fig. & such as the foils used in laser diodes may change
clearl,! Indicate the need to continue runs to the their emission characteristics quite rapidly in
point where the agin.- terminates or becomes catas- long term service and nay require either a breaking
craphic. Such data will be taken In the near In. period or periodic maintenance.
ftlture.
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resulting in more beam being delivered in the form
-if ifterpulse. Depending upon the applieclon
thIs inay or may not pose a problem. For example
in t his configuration an old cathode produces a
rather !square current pulse of decreasing voltage
which could be useful for some purposes.
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VOLTAGE DISTRIBUTION AIWD CURRENT IN A CYLINDRICAL RELATIVISTIC DIODE

N. NY. Harris

Ion Physics Company

Burlintoun, Massachusetts

Abstract and hence tabulation Is not practicable for voltages
in excess of 200 kV. Consequently a simple pro-

The voltage distribution and current in a space grant in BASIC was written for a timeshare con-
charge limited cylindrical diode are calculated by puter to solve caves of interest. This is appended.

means of a simple computer program. Relativistic Fig. 2 shows a typical result, the perveance fall-
formulation is used, and the results are applicable Ing by 43 r as the voltage is raised to 10 ..V. The

up to the limit of significant beam pinch. The cathode/anode diameter ratio was 5 in this case.

accuracy is 0. 11.

Method of Calculation

Introduction The units are MKS. Consider a unit length(l me-
i pter), with the cathode surface at a radius RI and

This paper describes the calculation of current the anode at a radius R ,. Let the intervening dis-

density and voltage distribution in cylindrical tance be divided up into a number of equal parts.
electron guns working in the meI,avolt region. The If each tube or shell has a very small radial width

current is assum~d to be space charge limited. D, we can take the space charge in it as essentially

The cathode in this example is larger than, and uniform.

concentric with, the anode. The companion case.
anode radius greater than cathode radius, is very The first step is to place a small arbitrary voltage

similar. The current Is assumed radial. and across the first shell. The current is calculated
magnetic effects have been ignored. The geome- from the plane parallel diode approximation3

try is shown in Fig. 1, the Pierce I electrodes pro-

ducing the same radial electric field distribution 45c((R -D}V h 5

outside the beam as the space charge produces in- I z -)

side the beam. 9D "t

Even at low %oltages, where relativistic correc- This current is the same for all shells. The field

tions can be neglected, solution of this problem is on the inside surface of the first shell is Z=41/3D
3not simple and the r- le usually given in a as shown by Langmuir . The average voltage in

tabular, rather ' % r. ?c form 3. At very the next shell is calculated by extrapolation,

high voltage, , '..ce is a function of voltage
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skip number is the required number of voltage

V1 i V + ED/Z printouts. In the example given, it Is 10 which

means that the voltages at ? equally spaced Inter-

From this, we obtain the relativistlcally correct madata radii are printed out. It should be noted

electron velocity using the two equations that F/S must be an Integer.

/ ,2 The computer asks for a start voltage. 10 volts is
m uconvenient, and the computation proceeds as above.

Lines 2S0-320 govern the printout of the interme-

U a C ;V'+2'(." l 1m diate voltage#, note that K is a counter. When the

Iteration is completed the computer prints out the

This gives us the space charge density and hence diode characteristic. and asks Lot a fresh start

the change In field (using Gauss' theorem), voltage. The operator supplies a value such that

the diode voltage is closer to the desired value.

d_ D r + ] In this manner, the diode characteristics, as a
-R T- _ F) I fv(Runction of voltage, may be mapped.

This gives the average voltage ior the next shell Accnracy

and the calculation is rtpeated. The computation

proceeds until the anode Is reached. We then have The program was checked for the low voltage case
a value for the diode voltage and its corresponding and accuracy improved with number of steps, up

current. This process can be repeated for differ- to a limit of 10. 000. At 4000 steps the accuracy

ent values of voltage placed across the first shell, wag - 0. Mv.. The calculations are valid up to the

until the current/voltage characteristic is Ads- region of magnetic pinch. This occurs when the
quatelh described. diode impedance is comparable to (or less than)

the coaxial impedance
This method has been used for other Seometries:

:or -he plane parallel case it is more convenient

than the analytic expressions that have beenderived. 60 In C')
Ii,

:t Could also be noted that this method gives, as a

;:vproduct, the voltage distribution in the diode.

This voltage distribution is required for the design References

,2o end electrodes. Pierce, 3. R.. Theory and Design of Electron
Beams, D Van Nostrand, New York 1950.

Basic Pros ramre
Spangenberg, K. R. Vacuum Tubes. McGraw-

The -3rogram listing is in BASIC and follows the Fil, New York 1948, P. 173.

method ;iven above. Lines 10-20 read In the Langmui. ,L and Blodgett. K. B., Phvs Rev,

tlec:rode radii, the number of shells F and the .er 2. vol .22 up 347-357, Oct 1923.

skip number S. The number of shells should be

several thousand. In the listing it Is 4000. The
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AN.OC LOW2

10 REA * P2 S to 1 4 1 s 2

00 INPT

70we oRN"CTIE"occHD~r~"MTR GEOMETRY

100
IO REDKn2O ~ 2 . :
150 INTV
160 IT"RDU V4E- TEN4

* ~~~~~~~~70 PR Nt.ATOIC F II'ND"1(3HCCSR

180 RwKIt

200 I.! .9f76E5-*VS/D/Dt*CRI-/2+)

230 E'AeV/3*/RD
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* 370 TSR EE I

200 PRINT USING 310#R2*WV ( .W
210 PuIU*I.0 73E1 RHO/EPSIL

20 £t0.PCnCRO
230REST NEXT NI4

3 50 PRIN 1R-D**Vj"
260 VVCEE/2.
270 PEa~C 6/VI1
250 PIT 'T/S HMS$ta 330 PTEAC

390 PRINT

&00 GO TO-40
*410 END Figure 3. Program Listing
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S.IULATION(S OF INTENSE R.WTVZSTZC CLE". 0. 3EA.I EXEMTZ01 11 FOILLZSS DIODES

XICUMAEL E. JONES MM LESTER E. THODE

Intense Particle Beam Theory Group
Los Alamos Scientific Laboratory

Los Alamos, 4w4axico 87545

Abstract lacking.2.8 W have analyzed the simple diode il-

Foilless diodes used to produce intense lustrated in FiX. 1 to determine the scaling of
annular relativistic electron beams have been
simulated using the time-dependent, tvo-dimen- diode impedance and beam temperature as a function

sional particle-in-cell code C;UU. Current of geometry, magnetic field strength and voltage.
densities exceeding 200 kA/cm" have been
obtained in the simulations for a 5 4eV, 35 f Some investigators have assumed that the foilless
diode. MAny applications, including microwave diode impedance is determined by the maximum cur-
generation, collective ion acceleration and
high-density plasma heating require a laminar rent allowed by space charge in the drift tube.

electron flay in the beams. The simulation Our analysis indicates that the diode impedance is
results indicate that foilless diodes Immersed
in a strong external magnetic field can achieve determined by the equilibrium that the beam obtains
such a flow. Diodes using technologically which is not necessarily the equilibrium which
achievable magnetic field strengths (-100 kG)
ind proper electrode shaping appear to be able gives the space-charge limiting current.

to produce beams vith an angulav scatter of Impedance Model
less than 35 mrad at the current densities and
energies mentioned above. Scaling Of the Because most applications require a beam With

impedance and temperature of the beau as a laminar flow it is useful to model the beam formed
function of geometry, magnetic field strength
and voltage is presented. by the foilless diode by the cold fluid equations.

In An azxjuthally symetric, axially homogeneous

Foiltss diodes may be used for the produc- equilibrium, the equations describing the beam

tion of intense annular relativistic electron beams depnd only on the radial coordinate, r. The qu-
tions to be solved are

for many applications including microwave genera- t

tion, collective ion acceleration and high-density nc2/e YO02/r = Er + 612 " Z10 (1)

plasma heating.1  Conventional foil diodes have dB /dr = nnth (2)

been found to suffer from an impedance collapse Z 0

when plasma, generated by electrons striking the d(rB)/dr -4nner~ z  (3)

mode foil, propagate from the anode to the cath- R 1
,)de thereby electrically shorting the diode. ThisI ANODE

problem is eliminated by using a foilless diode,

thus allowing higher current densities than can be

obtained vith a foil diode. In addition, the ec- R,

tron bes's generated by a foilless diode is not
perturbed by passing through a foil cor is it nec-

essary to replace a foil for repeated operatlon. I
Although there has been some investigation of

relativistic electron beam generation by foilless L 1.

diodes a firm understanding of the diode has been Fig. 1. TypIcal Foilless Diode.
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d(rEr)/dr = -tnncr (4) upon reaching the anode is denoted by Ya" Voronin,

et al. have used these equations and additional
where x 4od c are the miss and charge of the elec- assumptions to find the space-charge limited cur-

tror. The only nonzero fluid variables are the rent as a function of magnetic field.& However,

densi:y r and the axial and azimuthal fluid veloc- there is no a priori reason to assume that the

ities P_ and 0 (divided by the speed of light c). beam produced by the diode will be launched into an

The nonzero fluid variables are the radial elec- equilibrium which will transmit the maximum current.

tric field E_, the azimuthal magnetic field let and If the applied external magnetic field pent-
the axial magnetic field B. The relativistic tratis the cathode then conservation of canonical

factor is denoted by y. Because the cathode is an angular mcmentum takes the form:

equipotential surface, conservation of energy
assumes the following form: (Yin l) x (Vlowco/c - R; wc/Roc)/2 (10)

dy/dr z -eE rmc2 (5) where W€ z e3O/cm
2 and B0 is the applied magnetic

field. The cathode radius is denoted by Rc.  If
Because there are only five equations and six in addition we assume that the laminar electron

unknowns another condition must be specified. A flow is along the self-consistent magnetic field

condition which leads to an analytically tractable lines, then the flux between the axis and the outer

solutioa of the equilibrium equations and which edge of the beam is equal to the applied flux be-
becomes increasingly better satisfied at larger tween the axis and the cathode radius. On the time

energies, is to choose Pz to be independent of r.9  scale of most experiments, the magnetic field pro-

Defining the following quantities y,, I (1 - Pz2)") duced by the beam cannot diffuse through the anode

and y y/y, I an equation for Y, can be found wall. Therefore, the, flux between the outer edge

whose solution is given in terms of elliptic Jacobi of the beam and the anode will be equal to the

functions.9 The total beam current v, measured in applied flux between the cathode and anode. These

units of Mc /e is given by this model as conditions may be written as

= )Yi0  1y 0 Rt a2 / (6 R c/c z 2 R 0(Y10
2  1) +Ri(1 + ai (1

where y is Y evaluated at the outside edge of and w o(R2 _ R 2) X w (R2 . R 2) (12)
Lo 1 co a o c a c

the beae,R 0 , and a is an arbitrary constant. De-

efining w eB(Ro)/mc2 we find Equations (6)-(12) form a complete wet of equa-
tions which can be solved (numerically) to determine

Rowco/c (Yo - 1)20 + Y10(yo + a
2 )h (7) the impedance of the foilless diode. In order to

and InR/R F(o,k)/(a2 + 1J) (8) insure laminar flow, it is necessary to apply a
large external magnetic field. Therefore a useful

where Ri is the inside beam radius, 0 = Cos 1 (y-1 ) approximation can be obtained by taking the infinite

o 2 0 magnetic field limit. One then finds that the beam
and k = a/(a3 + l)~ and F(,k) is the incomplete becomes infinitesimally thin with radius Rc and that

elliptic integral of the second kind, the beam approaches a nonrotating equilibrium. The

In addition to Eqs. (6)-(8), we require that diode impedance in this limit becomes

the total energy of the electrons, kinetic and

potential, be equal to the potential drop between Z = 15(ya-l){Iya/(l+4 In Ra/Rc) 2-1)'11 f. (13)

the anode and cathode. Thus,
should be noted that this formula is invalid

Y, = yl[ yo + 2u/Pz In Ra/Ro (9) for low voltage, probably owing to our assumption

of z being independent of r.
where R. is the anode radius (see Fig. 1). The Z

relativistic factor that the electrons would have
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Diode SIMulations

A two-dinmesiooal relativistic time-dependent

particle-in-cell simulation code, CCUBE, has been

used to test the impedance model and gain insight

into the parameters affecting beam quality. 10 An

emission algorithm in the code emits charge from to0-

the cathode surface at a sufficient rate to satisfy

the space-charge limited emission boundary condi-

tion, i.e., the electric field normal at the cathode .

is :ero. the diode simulations were run with a .V

transverse electromagnetic (TEM) wave launched from

the left in Fig. I onto the coaxial transmission 140•

laWe. By not allowing the first few cells to emit,

One can control the impedance of the driver to the

diode, which in all cases was taken to be 37 * N.

Typically the length of the simulation region, L,

was S to 10 ca. Impedances and bean parameters __O

are measured when the system consisting of the 1.0 1.5 2.0

transmission Iine driver with the diode load had Ra/Rc

reached steady state. At this time the voltage Fig. 2. Current versus ratio of anode to cath-

on the diode, V, is given by ode radius for various foilless diodes.
The dashed line is from Eq. (13). The
solid line is the spact-charge limit.V = 2V 2/(2 0 + 2) (14.)

Two runs at 40 kG and 6 z 0.4 ca are denoted by

where Z is the diode impedance, Z0 is the transmis- inverted triaagles. The square designates a run at

sion line impedance and Vw is the voltage of the 55 kG in which the anode wall is continued straight

TL'l wave launched onto the line. Diagnostics in at the original transmission line radius, Rd, of

the code include voltage and particle current 1.85 ca so that 6 - o. The dashed line is obtained

probes, Rogowskii Coils as well as impedance probes from Eq. (13). The solid line is the space limiting

located at several axial positions. At the end of current for the infinitesimally thin beam in the

the simulation region diagnostics include Faraday infinite magnetic field limit. 14  The simulation

Cups, calorimeters and density, mean velocity, and data in all cases lies well below the space-charge

temperature measurements as a function of radial limiting current and rather close to the current

position, given by the impedance formula of Eq. (13). All

Simulation Results the simulations were performed with a cathode tip

From Eq. (13) we see that for large applied thickness, z in Fig. 1, of 0.135 ca except the run

magnetic fields the diode impedance depends only at 55 kG which had c equal to Rc. At 100 kG the

on the voltage and the ratio of the anode to cathode beam thickness was found to he approximatel7

radius. Figure 2 shows the results of several 0.03 cm, thus it is unlikely that much effect would

simulations performed with a Vw = 5.1 MV and a be found for e's larger than this value. T "se very

cathode radius, Rc = I cm. Because of the impedance thin beams can 7ield current densities exceeding

mismatch, the voltage across the diode varied from 700 A/cm 2.

3.5 to 6.0 4V in accordance with Eq. (14). The open Because Eq. (13) was obtained for the infinite

circles represent simulations performed with an magnetic field limit, it is iesirable to determine

applied magnetic field of 100 kG and an A-K gap, the effects of finite magnetic field. Figure 3

6, (see Fig. 1) of 0.4 ca. The triangle represents shows the results of a series of simulations per-

a run with the same parameters but with 6 = 0.2 cm. formed with Vw = 5.1 MV, Ra = 1.27 cm, 6 0.4 cm,
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And c20.135 ca. The dashed curve is obtaiued from ISO

the numerical solution of Eqs. (6)-(12). The solid - -

curve is the space-charge limited diode theory of .IZ-
• ounn e i 10  A . . .. -

a an n et a . The diode operates e l on~o w 0
the space-charsc limit 3nd aain agrees well wth !00
the laminar flow impedance model. The beam strihes

the anode wall at 25 kG and for all values of
applied field below this value the transmitted elc- 5o 1,0 .55 (cm)
tron current gradually diminishes owing to current

loss to the anode. Although the diode impedance Fir. A. Current versus A-d iao Ce, for thefolless diode.

does not vary much with magnetic field, the temper-
atur as meas red by he m an nnu ar s att r f propa gate fro m the cathode ip to reach equilibrium

and must certainly depend upon the current density.
electrons around the beam propagation direction was For large values of 6, the beau gains kinetic
found from the simulations to vary from 200 mrad at* 27krols hn6 rda 0 G h ~g nergy as it approaches the region in which the
27 kG to less than 60 mrad at 100 kG. The large anode radius is reduced to R making i,. stiffer and
magnecic field makes it more difficult for the elec- a

less likely to phase nix. Simulations have shown
by tixing. been temperatures below 2.5 rad for this scheme.

which is near the numerical resolution of the code.One would expect that as 6 is increased to

* larger values that the beau produced by the foil- Use of these ideas in diode design show promise for

less diode would comt to equilibrium before it producing very lasinar beas.
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X. Dembinsk* and ?.K. John

Dept. of thysics. The University of Wt seru Ontario

London, Canada 46A 3K7

Abstract

It is shown that ion currents extracted from a by Child-LeApuir law incresacs thus allowing ex-

moving plasma can bt increased by a factor of traction of higher Lon currents. This effect is

. v/c (v-plasma flow velocity, c.-Lon acoustic expecially significant in the cast of low extrsc-

speed) as compared with a stationary plasma of the ton voltages and high plasma velocities. A

saze density and temperature. A conical 0-pinch limitation of this type of Ion source is that it is

gun is used to accelerate plasma with density n a pulsed source with pulse duration limited by

1011 t=c1 to velocity V % 107 cu/s. Total plasm lifetine.

currents % 100 A of 10-20 keV Lone were obtained

from an 8 c= diameter extraction system. to the conventional method of ion current genera-
clon. the current per unit area collected by a

negative electrode in a plasma is given by the Bohn
Introduction formula4 which for T* >> T1 gives J3 a 0.Ane x

Recant interest In high current ion and electron XkT /X1) where Te and Ti are the electron and ion

sources has been primarily due co their potential tmaperatures, n is the electron density ad XL i

use In fusion :elated studies. Fast development the ion mass. The current collected is thus

of neutral beam injectors for plasma heating re- proportional to :he ion acoustic speed ca, the

sulted in construccIon of high currant ion speed at which the ions enter the sheath surrounding

sources 1'2'3 capabla of delivering up to 100 A the eleccrode. However if the plasma were moving

currents of 10-40 keV energy in quasi-steady or at a speed v >> c , in the collisionless case of

pulsed operation. In these sources increase of X >> a (where X Is the collision length and R is

ext acted ion current c:n be achiavad by increase the radius of the electrode) the current density

of plasca density or temperature. In the source collected by a cylindrical probe transverse to the

described here the increase of the extracted flow direccion would be givens by J., W nev . The
aur:an: results from the use of a moving plasma as current for a given plasma Is now li ited only by

the source of ions. The advantage of this ap- the attainable flow velocity provided it is less

proach lies in the relative ease of plasma accel- than the space charge limited current determined

eration to high velocities in comparison with by extraction system geometry and voltage. Thus it

;eneracion of a sufficiently dense plasma and should be possible to extract ion currents much

aesting it to sufficient temperature - especially larger cha the saturation ion current predicted

In larae diamecer systems. Furthermore with high by the Boh theory. A pair of closely spaced

-elocity injection of the ions into the extraction transparent electrodes can be used to extract :he

sap, the space charge limited current determined beam from the moving plasma. If the first electrode

eOn lave from insti:uce of Fundamental o. the extraction system is charged highly positive

Technological Research, Warsaw, Poland with respect to the plasma potential, the plasma
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on teaching the electrode would attain this applied extraction electrodes were ud- by the two cylin-

potetotial, The electric field E in the space drical Langauir probes, one parallel and the other

between the electrodes lets the Sap play the role perpendicular to :he plasma flow. Temperature and

of an artificial sheath while an ion beam energes density were obtained from the characteristics of

through the second eiectrode. Since the ions the parallal probe. Current to the probe is no:

enter the sheath at the flow velocity v, the ex- affected by the plasma flow since end effect6 is

tracted current would b. given by 3v - ntv, at an negligible in our case. Plasma flow velocity v

energy defined by the applied potential. was determined from the ratio of Ion saturation
currents of the two probes. The ratio (fi./L,) -

Experiment 0.4(A 1 I/A!)(cs/v) where ill and refer to ion

The experimental setup is shown in figure 1. The saturation currents in the parallel and perpendic-

plasma was produced in a pyrex pipe of diameter ular probes and All and A, are the effective

10 cm by a conical 0-pineh system (coil length 20 collecting areas of the probes. The plasma para-

cm, angle 150). A low inductance 0.75 ur capacitor meters at $-pinch voltages in the range 2040 kV

charged up to 40 kV was discharged into the coil. wea: n w (2.5,9) x 1011 cn;'n Tt N 446 *V,

The ringing period of the discharge was 2.5 Usec. v - (143) x 10' cm/S. Ion acoustic speed for such
The extraction system consisted of a pair of plasma parameters Is % 3 x 10( c=/s.
stainless steel grid electrodes of diameter 8 ca

and mesh size 1.8 x 1.8 m. The electrodes had In order to obtain the value of thu extracted

spherical shapes of radius of curvature 9.5 ca current Ii from the current I measured a: the

each for bean focussing purpose and spacing between collector, secondary electron emission from the

the two was variable in the range 1 to 5 --. surface had to be taken into account. The m:as-

Variable voltages ! U were supplied to the ex- ured current I - I (U + a) hars a is the effective

traction lap by a 0.75 UF capacitor. The voltage secondary emission coefficient for the collector

U was monitored by a potential divider and a low surface. Simultaneous measurements o! I and E, the

inductance shunt measured the current 1I in the energy deposited on calibrated collector disc,

gap. The extracted beau was incident on a thin enabled determination of a which tnder our operating

stainless steel collector disc. A low inductance conditions was (1.1 : 0.2).

shun: measured the current I in :he beam and a

calibrated thermistor T attached to the disc was Figure 2 shows a typical set of oscilloscope traces

used to mesure the energy in the incident beam. for a e-pinch charging voltage of 35 kV and ex-

Hydrogen was let into the system through a fast traction gap voltage of 16 kV. Tor the signal shown

pulse-gas valve. This reduced the probability of In figure 2b the ion beam currant corrected fcr

early breakdown in the extraction gap. Triggering secondary emission gives a value I - (95 : 15)A,

of the 0-pinch gas timed such that the plasma was the error arising from the uncertainty in the mass-

produced Just as the pressure front reached the ured value of a. The extracted current increases

far end of the e-pinch coil. Typical operating rapidly with increasing density and is terminated

pressure was 1% 1 zTorr. Two cylindrical electre- by electrical breakdown in the accelerating gap.

static probes mounted at right angles to each The total current Ii N 100 A corresponds to current

other were used to measure simultaneously the dmnsit, 1%, 2A/cn1 which is larger than the space

density, temperature and plasma flow velocity, charge limited current (sp 1v l.2A/cm= for U. - 15

The microwave system (A - 3 cm) was used to VY and gap separation d - 3 =,). It suggests that

monitor plasma density. processes occurring in the extraction gap result in

change of J sp. Emission of secondary electrons

Results from the second electrode of -he extraction gap can

Yeasurements of the plasma parameters near the considerably change potential distribution thus



leading to the decrease of effective Sap spacing. of lar;* diameter Lon buand. 2-or N 30 cu diameter

R~ecently published results 7 hoy chat at high ion extraction system It would give rtcal ion currents
currant densities 0~ 1.1 A/c=*) coaplt2 processes In the range of I kA at presently observed curret

occur In the ;ap resulting in an Increase in the densities. Further Increase of plasma density and

4ffective secondary *mission coefficient which velocity can theoretically Increase extactable

causes additional neutraliztion of space charge. current density provided that difficult problem of

Figure 3 showsa £ccaparlson of the extracted Lon suppressing voltage breakdown In the gap can be

beam current density J, with :he expected currant resolved by possible us. of magnetic Insulation.

J. n*V nAlculAted from the measured values of -a Further study of processes occurring in the Sap 1.2

and v as A function of d-pinch voltage U,. Also needed for better understanding and possible

shown is the Bohn current J3calculated from the incresae of extractable currets.

measured! values of n and Ta. It is seem that .J,

and J.afllow the same cure andt show a steep k~irarce
!.ncrase* with e-pinch voltage, while the Bohn 1. A.T. rorrester, D.H. Goebel and J.T. Crow,
currant stays a relatively insensitive function Appl. Phys. Lett. 33, 11 (1978).

of :he voltage. In our range of observations the 2. W. Ehlers at al, J1. %ac. ScL. Technol. 10,

.Ai 1 1IJ ) rises to %1 10 which Is prlmarily 9 (1973).

Out to the Increase of .: with 0-pinch voltage. 3. 1. Lisecher and X. MYAcXen:i*. Rev. Sci.

Instrum. At., 726 (1973).

quallty of beam focussing was tested by using 4. D. Bohn. E.H.S. Burhop and H.S.W. iUssny in

variable diameter collectors which could be moved "The Characteristics of Electrical Discharges

along the axis of the system. Bass size which is in Magnetic fields" (Ed. by A. 1;uchrit and

S z= at the grIds wlas found to be less than I ca R.L Vakerliol, 41c~raw Itll, N~ew York 1949).

at the focus. Seam diameter was measured iron 5. V.A. Clayden in Rarafted Gas Dynamics (Ed.

burn narks on exposed polaroid paper. Diameter J.A. Laurman Academic Press 1963) Vol. 11.

of the faotnl spot so measured wa,% 7 zu. p. 4.35.

Position of the beam focus coincided with the 6. S.D. Hester, A.A. Sonin in XRreflad Gas

gtozetric focus of the electrodes. SI:. of the Dynamics (Ed. L. Trilling and It. Vschsan,

focal spot suggests rather high value for beam Academic Press 1969) Vol. 11, p. 1659.

amittance which we attribute mainly to the Liper- 7. V.M. Mntonov, L.B. Cavorkian, A.G. Ponomianko,

factIons of the electrode shaping. A transverse Zh. Tech. ?hys. Letters 4. 995 (1978).

tonpontnt of velocity of ct injected particles

,,-uld also have contributed to the 4afttance.

Zonclus Ion

o~~t f a novlng plasms as a source of Ions can

increase extracted currents as compared to a

sctanary plasma *vizh the sace parameters. Ion

beans uith total currents,,, 100 A corresponding

to *:urrent .!unsit7 2A%/cn 3 : era extracted over ct

! c= Iaeter two-electrodo extraction system.

?rocesses accurring In the extraction gap (second-

ar. electron emission) lead to an increase oi

extracted current density above the l!mit set by

the CLld-Langmuir law. The system described here

seems to ',e particularly suitable for jeneration
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FAST VAC F-WAVE LANGMUIRPROSE DRIFT TUBE
GAUGE 6-P iNCH EXTRACTION -ARADAY CUP

COIL GAP :!, _ L--J I Osc,

S SC

Fig. 1. The experimental setup.
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Fig. 2. Time .ariato of: 2a - microvave Fig. 3. Comparison of measured ion current density
signal transmicted through the plasma J,, calculated current density Jv a nay and
horing cutoff at 4 us. 2b - collector

current, 2c - extraction gap voltage US. Bohm current density JB as a function U,
Solid line: least-squares curve fitted to
the experimental points of J.
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FNDAhtI .oL L4IUTATIONS WID DESZI CO,SIDEAT1 O4S FOX CO QIUSAT!O PULSED ALT TORS

V. T. Vtldon, V. L. Bird, .. 0. Drila, K. . Tolk. I. G. Rylsader, i. H. Ioodson

Canenr for Elec:romachanics. The Unlvetrlcy of Texas At %ucin

Taylort Ran 167, AuLtiz; Texas 7871!
.bs .-act

Si.e the beginning of a praject intended to ln essence, pulse cise clio e art limited by

do4nscraca the .fasibility of using a coaqtnsaced Inductive voltage drop (L A). In its siplest

pulsed alternator (compulsacor) as a powet supply form an alcernator consists of a single turn coil

,'or NOVA and ocher solid state laser syats, a of Wire Spun In a malne4tc field (Figure 1).

=reac deal of interest has been generated in Increasing :he output voltage of such A machine
di

applying his type of machine to supply energy for (to produce faster i :equires increasing :he

ocher types of loads. This paper outlines the magnetic flux deaitcy, increasing the surface

fundamnzil limitations imposed on the design of speed of the rotating coil, oar increasing the

such a machine by the mechanical, thermal, mag- number of turna in :he coil. Ultitacarly. the

necic, and electrical proper:zis of the macrials magnetic flux density and surface speed of the

osed. Using these limitations, the power ad cll at limiced by material properties. The

energy availAble freo the machine are calculated Alternator voltage increases linearly with the

As functions of machire dImension*. Several nuber of turns In the coil, but unfortunately

onflurations for the mchine and their elacive the inductance, which l-its pulse rise :int,

salrs for various Applications are also discussed. rises with the square of the nuaber of :urns
resulting in no gain in output power.

lnto 'uctllon

ecnctl: inctrea~c in pulsed power for a variety of -.( V(tlmax  1V
Applicactions Including magnetic and .Iercial

.n-Intmenc fusion Axpere ncta. advanced weapons

ssteMS and Indusc:lal manufacturing processes

.as resulted In many devalopments In pulsed p:, ,r
supply tachnology. In several areas inerial

enar;y sorage has emerged as an attractive Magnetic field
ilcerrazatve to magnecic, or electrostatic inergy I
szoragt bacause of the 'ery high energy densities

available At rel.,-vely .w cost. .ht problem of
convercing the si:ored ine.:isL va:gy to electrIc l

energy, however. aas nor been sacsfacccrily Output

are limited in power output by their own Internal

Impedance and although pulsed homopolar jwier-

acors, having low intcrnal inped=c2, are capaole

f ver: high power outputs, they accumplLsh this

a" low volcages which are not always desiroble.

0
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Mhe cozpensattd pulsed alternator or con-pulsaror convenience the Cunda-:n.al liitations to
(Figure 2) uses a stationary coil almost Identical coupulsator performance can be divided into three
*o the rotating one and connected in series with 1 groups; those dealing with the Wffec: of load

It to increase output power by flux compression. 1 ' ChATacteristiics those li=Itig outpat power, and

AS the two coils approach one another, the cage:ic chose limiting %inimum pulse width.
field generated by the output current is t:apped

bet wen them and compressed and :he effective Ef.c. of Lead Characteristcs
inductante is therefore :educed. When the two A simpl fied (lumped parsmetet) circuit for A
coil Ax*es coicit the inductance is uinImized, compulsator connected to a resistive load (such as

but the alternator voltage can be a: its saxIaw a flashlamp) is shown in F gure 3.
value. This results in the ganeraiLon of a vir7

l:age asqnitude current pulse from the machine. -
In addition the ccupulsacor wtpuc vaoltage durins LMi

* c.s h nductance change can be considerably higher "

th4n the optl circuit voltage dud to dL efftcts.
As the rotating coil passas the saeionary u :he V(t)

Inductance again cses to its normal (higher)

value, camucaming :he pulse of.

I Figure 3: Simplified CMrc%4ic

-Compulsator Driving tesistcive Load

The differential equation for this circuit can te
* written wE

8

where L and R are the total Instantaneous circuit
Inductance and resistance, V(t) is the "alternator"

Figure 2: Compensated Pulsed Alternator voltage (open circuit voltage) due to the armature

coil rotating in the appliad manaeic field, and

Since the compuO.sator is essentially a variable i is the Instantaneous current. The solution to
inductor In series with a conventional alternator, equation (1) .Sz:

and depends upon mnLmizin, circuit inductance to.,.

generate an ou:put pulse, it Is no: well suited I " I + V' :)L dr) a L 0)

for driving inductive loads. It is well suited. o

however, to both capacitive and resistive loads. 2 '3  where L° and L are initial values of inductance

The use of a pulse transformer to increase coa- and current at the beginning of the pulse (when
pulsator output voltage has also been invesci- the circuit is closed). The first tear within the

sated3 ar- appears to reduce the nec output by brackets of equation (2) represents the concribu-
about 25:. This paper is intended to indenclfy tion to total output current made by the flux

and characteri:e the fundamental limitations to compression aspect of the compulsator while the
co=pulzator perfora:ica and to suggest sore second term represents the current due to the
approaches for extending these limitations. For volt-seconds supplied by the alternator. The



firs: tarm primarily alaeicc tna ship. of che output pover, over the convin:ional altirnator
output pulse while the second ter deterine* the coAs froms flux copression, or ore specifically,

onerqy deliverad to tie load. For a wi4e ranie of frou the Lnteraczioa of the discharge cureAnt iwith

esistlva load tases investigated the coepulsator t.he inductance variation. %his in turn Implies

has bien found to reduct the basic alttiator half that the inductance vArIAis.f =wst be saxisi:*d

ycl* pulse vidch by a factor of about 3. md since the maximsm iductance in the uncom#n-

scAid potiion is relatively inseneiL-vt to

far a capacitive load such as a tranSlr capacitor mach.Lnt variables, really zequires chic thi

te baitc circuit is show Ln Figure " and the ainin L-c,,Ac:tac* In thi compensated postilo bi

difterential equation f.r the circuit is: reduced as auch As possible. this roquixmzac

suggests the use of radially :hin air Sap winding*

P(,,) i'+d L=- V(t) (3) tiLstributed unifmorly ver the rotor surfacedtu * C Jt
racher than saklienz pol viadinos or even distri-

buted vndings in slots sinct the slot teath
.n t.significant

L( ) R increase the vinding Inductance. A s '"
liictaion to peak output p er cosa i then izcs

the conflict between the requireamet for xLniux

vadial air gap betveen zhe rotor and stator

c vNoldings in order to uianIzi:. a d1 the dlec-
tric stre gch of the air gap insulatlon on the

vindings. The inductance varliclon is given by

() for 3n iron cared machine (unsaturattd) and

by IL( + 1) for an air cored ,ach ne where -. is
FL;ure- 1: SMnplf-eid C-rcuit the co.ductor vidth per pol* and - is the radial

Coapulsitor Driving Capacitive Load Air gap between conductors, Ao that t i s nsitIvity

of zachine peforauct to this air 4ap lLnitaIion

.%I:hau*,h the analytical solution of this second is readily apparent.

.r=er dIlferentiaL aluation Ls quie cuabersoxe

t n. be solved n=uerically and chi energy A second limitation on ou:put power imposed by

dalm.v4:ad to a capacitive load by a conpulsator :hIs air Sap vinding concerns the shear strength

I-IS been i.own to be of the Insulation systei used tc bond the sitaor

and rotor vindings to the scator dud rotor struc-
ifVii)dc).! Ituru. The Incariom betuen the copulsacor

Z rn (0) discharge current and thi radiaL cozponen: of :hv

==gntic field in thi ai Sap due to that cu:.nt

.,,:re L , n is the ninlu= tocal clrcuit induccance causes a :zagencIal forca in the conductors uhich

ind I is a n:esrially determined con-stant which slovs the ro:or, ccnv:rIng stored inertial tnargy

i:as been found to be around 0.5 for most caes of to electrical energy. This force resulcs in a

Iterest. For the capacltve load cais :he tangential shear stress on the ILnsulaIcLon bond

;,,pulsator has been found to compress the basic beceen the conductors and the rotor or scacor.

jiternator .talf ycle puAa widch by a factor of Thris radial =gneI-c field component whicn depends

J! Quc . upon the tine and posItIon istory of the currents

as well as che pe=ebIlLty and eddy cur:ents in

,.zicactons to Peak ucu Paver :he surrounding structure nha bee calculated. zr

it is apparna: frc: ejuscions (2) and (4) that the several cases using a transient, nonlinear. !!nite

lzr.;ulsacor's pri-ary advantage, in ter-s of hi;h element -.gnetic field mapping code Jeve.oped by
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t Cen: !a: forlac:zechn1cs. To: zhsse cases skin effects can confine :he faSC rising Curorn:

An average sudaze current density of 10 VAt n as pulses to the surfaces of the conduczots resultIng

.ound 0 pto Uc t.esssea vhich could be vithstood In even more severe heatng. Ts skin e.fect can

by InsulAzru systems with sh3, strengths of be overcmw by using srandtd and crsasposed

It'a 00 psi) The peao nechanical paver conductors but these Increase the msnm Induc-

ouvp-c of the machine is simply the product of this cance somevhat as vill as conplica"ing the

peaK allovable sh4sa strass, the active surface area construction of the uchine.

of the coco and the rotor surface speed. For a

,otor sur:fAce speed of 150 lsec, such As is used Limitations to Minlmau Yulso Vidth

for the Lawrence Livezmore Laboratory engineering The ,ela:iouship of the conpulsator ou:put pulse

prototype conpulsato: (Figure 5) ' vith a lati- vidth to the basic (alternator) half cycle pulse

noted steel rotor, the peak output pover per unit vidth has been discussed for yarious loads. "his,

of surface Area Is 4.2 GJda. q or other of course, suggests -ha: as faster pulses are

configurations capable of opera:ing at och higher required the base eaec:,lcal frequency of the

speeds uhich are described late:, this limit may alternator oust be increased. The elct t:cal

exceed 10 C requency u of the alternator It given by:

vhere P Is the number of field poles and Is the

mechanical rotor speed In r.'dianslsec. The

mechanical rotor speed It li-Ited by the sziffness

of the rotor and its dynamic behavior in the bear-

S, kaft in%* and by eddy current genaracion due to the

* #.,.G-. alternating magnetic field experinenced by tnt rotor

'c a turning in %he hatropolar excltation field. This

- .e m eddy cutrenc. limit can be exttnded by lamintling the

w ,.ut N .- . rotor, but there is a practisl limit to :he

xii ,Lu lalmnation thickness vhich can be used;

* .. and as the rotor laminations are made thinner,
-" rotor construction becomes more difficult and

rotor mwchanical scifness suffers.

.-* 4 . , , Increasing the mechanics& speed of :he rotor has

another limitation as well. Increasing rotor speed

Figure 5: LLL/C-_4 Prototype Copulsator increases centrifugal loading on :he rotor air ;ap

winding. This in :urn requires additiona! banding

Finally, the :equirment chat the rotor and stator material in the air gap to restrain the rotor

conductors be radially thin in order to generate conductors and this leads to increasint the radial

minimum inductance is in conflict vith the air gap spacing vhich again increases the crucial

extremely high currant densities achievable in the minimum machine inductance.

compulsacor Ln that thermal heating of the con-

ductors may become a limiting factor especially This leaves only the option of Increasing the

in the case of repetitive pulses. This thermal number of poles to increase the alternator

limit can become even more restrictive in that frequency, but here too we find a limit. As the
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number of poles incrwals for a given =nan t TZhe rotating field cconpulsacor (Flgura 65) offers
*;Acing bdzveen poles mst decreaset. As this pole- One solution to this problem by placing the
C4-pole sPAC~n% approcches che air gap distance, excitation coils on the rotor, radially Inboard of
t.'i applIed field leakage excaeds thi useful !lux the aruature winding. The rotor no longer expa-
cut by the rotor conductors. T&his point of r~entas a-% alternating applied field and now xay bt.
dlztPnishing returns makes %he addition of note iabricated fro a solid !orged steel billt. the
Poles futile, rotor ill, be much stiffer and con operat at higher

surface speeds. In practice the exc~ttan coils
finally, as the base ftequency of the coupulvator would probably be distribuced windings rather than
is Inceased, the volt-teconds per pulse supplied the salient pole construction shown here for clarity.
by the excitation field (jldc in- equations (2) Th1is configuration dots require the *:taor or back

and 14)) dtcreases. This drastically limit* the iron to be la&minatd, but the loading of the stator
output power Available from the original cospulsator is less severe and much greater design latitude

concept for pulse tine2s below 100 ustc. exists for the stator than for the rotor. 11ovevar,

since the excitation coils occupy additional space0

.Uttrna C.znqulsator Canf!laurat ions and Hfow in. the already crowded rotor, flux path considera-

The Address Uziucations dlons dictate chat this Construction only be used

Figujre 6A shows the original conpulsaror configura- for larger machices.

t!on to which the isitacions discussed in% this

;par Apply. It consists of 3 uulclpole gveY

uIndmng on the rotor connected In stries through SC 4%(AWTO

slip rings with an almost Identical multipole gave 2TATOR (COUP01GATING1
vlndin; on the trater. The Alternator voltage V(c)

is lonmced by the armatura windina, (only) rotating czth~ecoK.

n the applied sagnatic field supplied by theAT ODCO

exzcttcn coils. As zenzioned previously, the

al4dsrnang zagnetc fteld experienced by the rot.or SL OO

caquime that Cie rotor be consc:ucted of laminated

steel and this results In a substantIal reduction
.n rotor stIffness is gill ad additional complexity
L.n rcoa zonstruetion. Fijure W3 Rotating Field Conpulsator0

MA"VICPOLE Aother solution to the laminated rotor preblem 15
shown In figure 6.:. Sy fabricating the armature

CXCITTIO*COOLconductors into filsnnc reinforced composite "cups"
SACKINOWwhich nest together coaxlally, the centraL ircn

$WXON (CO~tftSAnwe core can remain starionary and thus be solid. Sdy-
4ral other benefits atT,.ue from this desi;n it vell.

AM W Since the rotor inertia is dramatically reduced. a

larger por:ion of the inertial energy is stored in
ftOTOP~ CouOiCTON the zondu:zorz themselves. This is sinifican% &Inca

the conductor Inerzial energy can be zonvarted uith

Luwat OTO ( i x 3) body forces rather than the zonductori
insulator shear forces necess aryt conve.-: inertial

rizure oA: Stationarf :,ield Conpulsator energy stored elsewhere In the rotor structure.
This alleviates tne insulation shear stress limi-



0 81

tion and allous higher surface cur:ent densi:les

and consequently higher peak output power per unit $T Ibc

of ActIve rtor surface Area :han the Confgurations rt"01•4NtIc

shown,' in. Figures 6A or 61. in addition, the cup 7sTokCmNSCTOR

rtor construction allows :he two halves of the A

armature winding to be counterroztad, doublin;
:he open crculz voltza of tht machine vithou: -5"1 %,MUCTtVC
Inczeasing the circuit inductance. This ianovatizn

also doubles the base elec:rical frequency of the

conpulsator wi:hou: Imposing the eoametric lisit of

the pole spacIng approaching the radial air Sap .

dLnension (excessive flux leakage limitation).

Figure O: Irushless o:tary Flux Coap:esso:

SUE WON Stinarv and Conclusions

hIC~tT~omt~e.This paper has toc only addressed the furdantaal

ITATGNM WARCOK llzations to performance of the rectntiy invented
compensated pulsed alternator. but has categorled

Mua"A mmc tGMUClM then into three groups; those dealing wth the

effects of load characteristics, chose limiting :he

AM "01peak outpu: power, and chose lImitiag :he mInLnuxn

pulse width. Li addicion, the authors have suggested

some new design approaches, which appear to extend

Figure 6C: Counacerrotaing Cup otoa: Coapulsator the operating limits of %he cospulsazor concept

beyond those of the original coupulsvao: design.

...ally, since for vety short pulse :in"
(V100 usec) the vol:-second contribution of the The work described in this paper was suppor:ed by

applied magnetic fte.-d becomes a limiting factor in Lawrence Ltvermore Labortories (contrsc: no.

machine performance, configurations which supply the 3325309), Los A-lamos Scientific Laboratories

necessary volt-seconds from an external source (contract no. EG-77-$-05-5594), the U. S. Depar:men:
(perhaps a capacitor bank or even another coepul- of Energy, the avel Surface Weapons Center (con:rAC:

sator) have been Investigated. The configuration no. N60921-78-C-A249), and the Texas AcoaLc Energy

shown in Figure 6D is an outgrowth of these Research Foundation.

invs:IgatIons. The volt-seconds are supplied :o

the stationary winding by an external source and References

the applied flux is :ran compressed by the rocatior 1. Lawrence Livermore Laboratory's. "Compenzated
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USE OF TI~ST3MtS IN fl0DUCIN.G HIGH ?MU. OUTUT FROM. NeeOOLAX CEMERATORS

V. M. Lupton, R. D. Ford, D. Conte

H. b. Linda%:om, I. M. VitkovLcsk

Naval ".-&aarch Laboratory

Washin;to., D. C. 20375

Abstract

Analysis is presented for systems using high current switch4, which can carr these currents for lon;

pulse trans!ormers to exploit the high energy storage intervals of time, Oake it possible to energize

capability of homopolar generators or other limited the energy storage Inductance directly with a

current sources. The stepped-up secondary current current source such as a homopolar generator. One

can be established either by current interruption in existence at the Naval Research Laboratory has

uhan the primary is also used for energy storage or an energy storage capability of several megaJoules

by co=u:ation of current into the primary from a and typical current output of 40 kA. To significantly

separate storage inductor. For high-power pulse increase the current output from this generator

generators the primary insulation and power supply would require additional current-collector brushes.

are protected by subsequent crowbarring of the This would be an expensive addition in this case

i=iary. An exa.ple is given of a design for since the use of fiber brushes is required b" the

..hing the hRL homopolar generator with 1.46 ml high rotational speed. This is an exaggerated case

.nductor to a l-iH, megavolt level inductive pulse but illustrates the fact that the current output of

generator. homopolar generators are limited by brush and

contact area.

I. In:roduc:ion

Pulse pa-ver generators using inductive energy storage Any power supply with a limited current capability

may have econouic proi2ae for applications requiring can nevertheless be used to deliver a large awunt

powers of 1011 - 1013 t. Studies of openingswitches of energy by allowing it to energize a ,ufficiently

which must be used with inductive storage have large Inductance. Subsequent switching which pro-

shown that it is possible to usa carefully sade and duces a change in current allows use of the trans-

operated exploding foil fuses as current inter- former principle where a change in current in a

rupters '2 with high electric fields (of the order multiple-turn primary winding is ccompanled by a

of 20 kV/c=) across the fuse. The limitations greater change in current in a secondary winding

i=posed by tLe ratio of conduction time ro opening of fever turns. This procedure was used by Walktr

time, which is fixed by the nature of the vapor- and Early 6 to obtain a hundred-fold current step-up

ization process, has been overcome by sequentially in an inductive storage system. The desire to utilize

opening several s:ages of switches2 with power the NRL hosopolar generator for the TRIDENT hign-

=ultIplication at each stage so that megavolt output power pulser studies mentioned above provides the

pulses are typically obtained. This approach has mot~vation for this analysis of transformer systes.

been extended recently with the TRIDEN'T pulse Sen- In circuit design special attention is given to the

eracr 3 using larger fuses and requiring currents consequences of high-voltages resulting when the

of the order of 500 kA. system is used a par: of a high-power pulse

generator.
The advent of the explosively driven mechanical
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El. Cmuon Store and Transformer flux in the same directic-.n. The constait flux

If the enerly storage inductance s ai coil of many approximation of Eq. (1) is valid as lor.g s the

turns, A secondary winding af fe curns ca be tine constant of the secondary circuit is much

coupled :o it to becom a high-current source for a greater than the interlude of current change. Inte-
pulse zi.eracor. This concept Is illustrated Sration of Eq. (1) shove that when primary current

schemAtically b! the circuit shown in Figure 1. decays from I t o 0 the secondary current Increases

In chi first scale of operation the homopolar g*n- frem 0 to a value, L,-(M/L,)LO, Independent of the

Aarator, denoted by HPG, enerli:es a lon$ time- size and shape of t voltage pulse from the primary

.. onscant coil LI with svtch SI closed. The high switching.

current, !., in the secondary is established later

uin S opens to interrupt the primary current. New with L - 0. the remain~ng v'tortd ener;y isI i

The final, high-pouer state it the opening of the W, - (11) L2 i, - k' W (2)

suitch S, causing rapid transfer of the higher r a5 remins open 1h1n S2

curzant into the load repr tsnted by the resistor, . opens, hLs enrj if b 1 re o whe S,

opens thi to~rgy will be delivered to the load,
IR,. In this case the primary voltage waill be reater

M than the output pulse by the factor 41L,.

HPO L, Lt S, M "I

[PJ L Lt St
Fl;. 1, CLcult for tranu ' ruer and opening 3

saitches vith primary tnergy storage.

If the p r.=r is supplied with a peak current Io

the sco:ed energy is W,-(112)L I o . lbe secondary Fig. 2. Crowbar addei to cicuic of Fig. 1.
vtnding need not have a long time onsctanc and S3 Closes before S, Opens.

s4canda.i currents Induced during enerlizing of the The appearance of high-voltasg across the primary

7rimary wi11 quickly decay to zero. Or, if it is can be elri.nsced by a crowbar, shown as switch

s'.er:=ble Co cocolecely eliminace these precursor S3 in Figure 2, prior to opening S,. If R-O opon

.-.ancs from the swi:ch S,, an additional series opening of S, primary flux dots not change:
sui.zh trot hwne In zha f~sure) can be incorporated L1 (d I dt) + m (dI2Idc) - 0 (3)

-nc, t:he :ircul.c brc.ueen L, and S'. The voltage across the !oad RZ and switch S, cor-

responding to a dec:ease of secondary flux iB

.%: the star: of the second stage both S1 and S, are V. - Mt (dilldc) - L. (dI./dc)

.os:4. The :IrArv and secondary cu-rrencs have C )

I a nd I, n 1). ,ur.ng the Inter- - L

.oc:on 71! Pri-art curren5t $l -he race of change and the energy transferred into R. is

if tecondarl flux is)

Mt tdlld) 4- L, (di td) - 0 (1) - k

wnra Mt Is the -utual Inductance betin :he two The energy transfer dfficiency in this lat:er coca

,arcs if t;td cransformer and L, is the self-induct- has a -axinum of 25Z "hen k- - .5.

ince -)f tne secondary cir:cuit, Includin; the con-

;:ir:s - posing 5:. ,.e sig convenelon fo- .he ener;y transfer efficiency has been Invesci;ace

-rrent Mla Is chcsen so thac positive currencz for cases Incern.ediace bet-een chose for ,pen-
in :'ch rl--a- and secondar producs -,anetic -ircuic and .robarred pri=ry by analysis :f a
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model for the circuit of Figure 2. The modal secondary svitch.
Assumes :hat 5, is a perfect wVitch opening instan-

* taneously with no Initial primary current and that

Iand R, are constant. Primary and secondary s M
currents were obtained by a straightforward trans-
lent calculation. From than the primary voltage ' t 1

MPG L Lt

ILA1 Fig. 4. Circit fir trasformer an4 opening
20%swit:. s with #*pareae *energy storage.

420- 3u efore the transfer (tage, the scrate inductor Is

1 enersized by current i and energy U ': 12)L I and
0%k both switches are closed. If the time constant of

o " • the short-circuited secondary is adequately long

TRAOaeomeacoOUPeu V- t:anq. (1) is applicable and secondary and primary
Fig. 3. Energy efficiency against k2 with currents are related by i L1. Thevolta

* resistive crowbar. Curve parameter is
peak primary voltage a percent of appearing across the primary switch as it opens
open-circuit value, equals the rate of change of the increasing ptiz&rV

energy dissipated in 1. ware compured as fun- flux. It also equals the rate of change of the

tions of I and k. The results are shown in Figure decreasing flux of the storage inductor.

3 where e"ergy transfer efficiency is shown as a "Lo (dis/dt) " LI (di~ld/t) + H(di 2 /dt)

function of k2 for several primary voltqaes. The ( L
two limiting cases are evident. With open-circuit - 1

the efficiency increases as k2 and with complete The current through the primary switch ulcim..e'.y
crowbar the lower curve is the efficiency predicted vanisheso after which I  i .. Integration of the
by Eq. (5) above, above eqa,tion as primary current rises from 0 Oto a

* final value, i,, and the storsge current drops
1II. Store Separate from Transfornsr from I to II results in

Short connections are needed to the TRIDENT pulse i
generator with its high-voltage switch stages ia -

under water. An alternative to placing an existing 1 + (1-k)L1/1L0
massive storage coil under water is an entirely To avoid unduly high voltages, the primary should
separate transformer with its primary current com- be crowbarred prior to opening of :he secondary
mutated from the storage coil. This concept is switch, In this case, it was determined earlier that
shown schematically in Figure 4. In that figure the load voltage is given by Eq. (4). The load
the MC and storage coil with inductance Lo are power is the product of this voltage and secondary
shown to the left of the vertical dashed line. The current. By time integrating the power and sub-
components to the right of the line can be placed stltuting the relations determined in this section,
in a water tank to facilitate higher-voltage :he energy delivered to the load can be expiessaj as
operation. The device represented by this circuit k' ( 2-k2) 

,|/L

is considered to operate in three stages: slow \ ' 9  (7)
energizing of the storage inductor, transferring 1( + (1-0) LI/Loy o

current to the transformer and opcning of the final This relation is shown graphically in Fig. s.
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.aft curve there represents the efficiency as a

function of k' for som fixed value of the par&- On a core fCor cOprdisivt strength. Relatively
acr %/La. ,'he upper envelope for this series thin sheet conductors with strong insulating clas
of curies its-he lr. 4 /4, corresponding to the case at the output conmztLtns will wichstand the *train

La-(I-')LI. 'A Maximum efficiency of 25Z Is ap- "esulting f om Impulse momentum given to the

proached as k" approachas tmity and L becomes t'iwadary.

InfIn it.
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::t primar s wound with W-220/U cable core

*23:= di4,Aner). Thbe Impulse didlectric 0
strength Nf :his cable !a About .S0 kY eo
mdiJI:lonzl polyachylet~e must be added to allow a
rAry-co-veccndarvr Voltage Npproaching, a megavolc.

Ma 'add to ci--ltf:, connections to the l~igh-voltage

.ulse former stages aict~ces thac the secondary

4otl a zu:slde the primary. An ittrAtive pro-

•edure of self and mucual inductance caLculaciens

decrmines the 32-m diameter nnd l.EA-n legtch

rasul tn; In L 5. 24 , X - 223 PH, L,-l.32 .H

In= A ' .S4. The ralicaon I. - - iXIL.) , Implios

.'.:c .e" radial forces on primar; and secondary

;rd 416AI 3nd OP;Ositc. Te '1r14mcr ooz be voulzd
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Dtsi n of Pulse "ransioratrs !or PIL Charging*

C. J. ,o4beein

Sandie L~oritories. Albuquerque. Nev Hexico 37115

Abstract

A17 tor pulse transformers poered by low voltage .; "
capacitor banks can be simple efficient systems for

* charging high-voltage (0.5 to 3 W) pulse forming-
transmission lines (FFL) such as those used In
electron sad ion bam accelerators. In these -- ,
applications pulse transformers must have the ,*± ..-
coubined capbility o! high voltage endurance and
high energy :.'ansier efficiency, particularly In i.ts t-.
repatitive pulse systems where these features are
of primary Importance. The design of shielded,
h1gh-vol:ge, spiral, strip transformers which Fig. 1. Schematic of typical transformer charginC
fulfill thee requirements is described in this circuit.
pa .r. "Trnsformer* of this type have been teated
in three syse*ms which operate with greater than
t" ;artimoen ranafer efficiency and her not failed require electric field shaping across the aargins
in. over 00 shots. of the secondary vwinding. It was found that a

concentric ring cage, when properly assembled, was
transparent to the magnetic field but maintained the

'Introiction proper electric field distribution in the margins.
Figure 2 Illustrates a typical ring cage assembly.

hi;ah voltage pulse transformer charging systes
typLcallj oonsiat of a low voltage capocitor bak
coupled to-a high voltage FY1 througA a voltage
step op transformer as illustrated in Fig. 1.
These systems have the advantage of not requiring
an oil tank to Insulate the primary storage cap&ci-
tort 4nd are generally more compact than Marx
jenerators. Vith transformer system, however, It
can t* difficult to achieve both high voltage
endurance and high energy transfer efficiency.
.he reason for thL Is that operation at high volt-
ags D) SO) kV) necessarily requires that voltage
piding dotices be placed in high electric field
reginr. where the magnetic fields are also high.
Consequently, the magnetic fields link the voltage
grad -li structures and often induce eddy current
loops with opposing magnetic fields which partially Fig. 2. Concentric ring cage assembly.
cancel the fields in the main windings. This
action produces a partial Internal shorting of the
transformer *nd significantly reduces the energy Dircussion
transfer effIciency of the system.

Spr al strip transformers are in general better
To avoid this shorting effect it is necessay to suited to PFL charging applications than their
design voltage grading devices such that the helical wound counterparts because they have a
uAgneic field can diffuse through the assembly higher power handling capacity and because they
without inducing eddy currents. A grading struc- are less vulnerable to intercurn breakdown from
ture hat satisfies these requirements has been nanosecond transients fed bck into the transformer
developed for spiral strip tranuformers which secondary by the PFL discharges. The higher

endurance of sprial strip windings to transient
voltage breakdown is due to a more optim u capaci-

*This work was supported by the U.S. Department of tance distribution through the high voltage

Energy, under Contract DE-ACOA-76-DPO0789. winding.
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Hovwever, A siaple sprial strip transformer, Ill-u.
trated in Fig. 3. has the inherent weakness of
arcing from the edge% of the secondary winding
strip from highly enhanced elsctric fields along
the tdgts. Such breadowns usually originate at
the 4dge of one of the final secondary turns,
flash across the marlin and close the arc path to
the pr mary or one of the lower voltage tuns.
the ensuing discharge typically ruptures the
L?1sU1AtQn eeMtS and leaves A heavy carbon deposit
slng :he path of the arc.

WINOVO -

MAN1'I410TH4 MAgGSN

~ - )IGH VCLTAGE
CUTPUT

SECC140ARY TURMS - "

INSULATIO Stti -ig. 4. Transformer with continuous concentric
shields.

FL;. 3. Simple spLral strip transformer.

The hi;h field enhancemenc along the edges of the
winding is associated with the 4quipatential lines
which emerge from between the turns and bend sharply O o*
around the edges tovwrd the lower potential primary wm ,_
turn. The fitld enchanceaent in the edge regions m ,cW_."a
limits the operation of a bert spiral strip to 300
to .00 kV even with the bst insulating films and %
oils.

The edge breakdown problem can be eliminated by '-

Adltng A coaxial shield across the margins of the
secondary uin4ir.j. The concentric shield con-
itraLns the .tct.Ic field to a coaxial distribu-
t. n 4cross the margins which is nearly parallel Fig. 3. Eddy currents in continuous cylindrical
ta :he uniorm distribution through the thickness shields.
of the vindlnq. Consequently, the field enhance-
-enc Is Ireatly reduced and there is virtually no
Wcatral f eld component to drive an arc across the adjacent shield section and pulse discharge tests
mtrin. on A primary turn with various core configurations

in the center. In both cases, shorting effeces

The effectiveness of :his shielding tchiqt was vere observed as a decrease in circuit Inductance
lanonscrated In an early transformer design-- from the unloaded primary turn Inductance.
stitvn In Fi;. 4 which was tested to 1.25 W without
fitlure. The transformer had a single turn primary Figure 6 is a plot of Inductance easureens on 4
and a 1 inch thick, 0-turn, secondary winding. 10 inch diameter, 6 inch wide primary turn with a
The shitlds "aere longitudinally slotted cylinders 6 inch wide sleeve placed at difWfrent axial
7laced 3'yer the low voltage exterior and along thj -distances fro* one idle of the primary. The sleeve
core. Uhile this experiment clearly demonstrated was intended to simulate a shield or structural
chat concentric shielding prevented edge breakdown. component placed in sooe ;roximity to the magnetic
it jas found :hat induced eddy currents in the field of the primary. In one case the sleeve was
shields as illustrated in FIg. 5 had a detrimental longitudinally slatted and in the other case it was

effcr on the magnetic coupling. The open circuit continuous and acted as a shorted turn. The eddy

lain hich should have been near 30 was actually current shorting effect for the slotted and shorted
:: 3nd the energy transfer efficiency with a resss- sleeve measurements was small but measurable as far
:1ye load .as approxImactly 25 percent. as 4 inchos away fron the primary turn. IWith :he

axial spacing less than one Inch, the ff c was
:ntrnal Shorting Excerients quite pronounced in both Cases. i:h a one-half

Inch spacing, for example, the shorted sleeve
he problem of Internal :ransformer shorting "as produced a 13 ;ercent chinge in the pri=mry
itu~ied in two types of tests, inductance bridge Inductance and the open turn produced a ;.3
neasurcments of a si-ulactd primary turn with an percent change.
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_______________________as the primAsrr zurn.. 'n testing the resistive.
Uim shtelded tranufor;er there Vere no 0easureabl1
effects of internl shor:ing but the rasilgevt fjIt* consistoetly broke down aloot the surface at vo:z-

AN ales over 500 kv. Uf forts to .mprovt fk !l
quality Vero unsuccessful. IM fin$ core model
with the continuus case ag incerporit*d Into n
*lectroQ b4a% generator M~g, ;) And tested t

- 600 kV.* In this application the transformer
proved to h4v seed high voltaGe endurzonce 1w with
a• Oeng e ttranstfer eft.iclacy of 52 percent, I: WA*still aff.eced by eddy currents in the exterra .

shield. A third transeformer (fig. i) was.ZA) therefore, cf~strust* With ring sh'Itdi Oft bolzriI Vi.IX AN rift the care 884 case. This1 transforut hawe n ,o
)#it u AD lixCA easuabl effet sof iuternAXshortin andwa

i~ ~ i.W AW Wk XI(JI M", ( [+ equal to tMe Arlitr OCA41 in high Vo ltage

TT
0L '~ I-IU ORMERI -VOLTAGE

0 1 a

Fit. 6. Primary inductance variation with An
adjacent shorted and open turn.

In the ualse diac-erge tets, a 14.3 mr capacitor
wvs switchQd through a A inch diameter by A inch
Wide single turn primary coil. =arcui inductance• was determined from the ringing freqtiuey of the -discharge. The unloaded inductance of the circuit-- _ _.

(no core in the primary Coil) Was 9I N. A slot,,ed
core tube of the same axial length as the primaryproduced no change in inductance Wt as the length Fig. 7. ]Ung and cylimder shielded transformer.
of the slotted t be was increased to I inch, 12
inch and 14 inch the circuit inductance fell to
76 nil, 65 nh and 53 -4M. reppectively. This result

* indicated a shorting effect strongly dependent on
shield length. Other shield configurations 4.
including screens, foils, longitudinal rodse, etc.
produced similar shorting effects. Only two types
of shields Stioed virtually no shorting. One was
a slotted cylinder of resistive film with a surface
resistance of approximately 1000 ohmas per square.
The other was an array of rings interapaced
approximately c.ne eighth inch and longitudinally ot-
aligned with the axiA of tits primary turn. The
rings were ade with a gap in the hoop direction
to prevent clrcumferential current flow and wrte
connected together electrically along a single
line opposite the line of Gaps such that there
were no closed loops that could conduct current in
the assembly which linked the magnetic field.Pulse discharge tests on the resistive film and
ring shield models showed a maximm of 3 percent
inductance change with and without the shield "
assemblies in place.

Following these tests two prototype transformers '" .
wore constructed, one with resistive fllm shields
and one wi:h a ring type core shield in combination
with a continuous external shield which also served Fig. S. Concentric ring shielded transformer.
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c'4ratt onal as1ults circuit.6  th the circuit properly tuned, enery
transfer eoftcl-encies are typically greater than

Alter tni:ilz tecting, the concentric ring 90 percent. It should be noted that the et(fc:s
4hieldtd crarsforaer yes £ncorporaced into a of eddy current shortint can not be coepnsoted
rep4titivt .%pulse rest 'aciltty And used for for by any reans of external circuit ctiag. 'ne
teti, Jteeccric solids, lrqu[ds and €o.- ring shiqlded transformers produced transfer
.,ostcts." ;n this Application the trsoaormer eificisncies ranging fro* 91 percent for the 3 WV
hl been oprated for Armter than t0' shos In a d * 1 9o percent tor the 700 ky repetitive
v.l:at1 rAnge b vten O 00V end 1.5 MV at pulse pulse *odel. These lotses uere divided in the
rates otoo I to NO ppa. 1Co VindiLa failures or epproxiuce proporcion of oae percent An the crans-
tn rlAtton flashovers have occurred throughout fotmer nd five co eight percent In the spark gap
tis' Service. swLches and capacitors.

Two othr rIng sh e ded transformnrs have been CoaCluslone
wil: and operaed in high voltage ?L charging
ros5t5as. The tsncisl features of both trxns- Achieving high energy transfer efficiency L4 cc*-
facterA re illustraed in Fig. 9. ne Is used £U bivatIo* with high volcxte endurance in an Air core
a ,10 p s 30 J dleccron bean |cenerat4 r for pulse transformers inv"lvts :areful Attention to the
cArging a 1.2 r PFF, to 700 MtY. it has operated desi8n Of voltage Igrding devices and structural
far note than 2 x 10' 6hots without failure. elets to avoid interl shorting. Concentric

The second is incorporated in a 10 pps, 5 kJ high .In& shielding of spiral *crip type transforsrs
voltage pulstr and c1srSes a ' r? water capacitor has proven to be an effective technique for
to X.5 15, (Fi.. 9). Prior to the repetitive pulse satlsfying both requiretsncs siultaftnously. This
Applicacon. che transformer wse successfully design method has been scal4d successfully tro* a
:es:e4 in A single shot mode to 3 MV. a Since the few hundred kilovolts to 3 14V. There are no
1eCo repeicLIve pulse systes has only recently apparent reasons why evin higher voltago trans-
own placed In service long term endurance data forers ucilixing this techniqe could not be built.
4re not yet available tr :his transformer. . For the present, however, transormes operating

up to a few aeavolts have any useful applications
In repetitive pulse accelerator systems Where long
shot life and high energy transfer efficiency are

m/mcmK /M essential.
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1 :eare ring shielded t.ansforors have been 6. C. J. Iohuein, IEEE Trans. ucl. Sci., N'S-26,
3prartd In both single swing and dual resonance :o. 3. June 1979.
charging modes. Wich coupling coefficiaencs ranging
frtm 0.33 to 0.85, the energy transfer effIciency
Is typically around 60 percent in the single swing
-. rae -ode. 1n 1 osc cases, however, the crans-
r-.ers are operated in a dual resonance charging

,do h ch requires matching the frequencies of
:he pr:-a=r and secondary sections of :he circuit
tnd reduceng :he effective ooupllng coefficient :o
'.o. T'his is accomplished with a :ransforoer
aving a coupling zoefficienc greater than 0.6 by

addIng in appropriate amount of external induccance
t 2 e iriary and secondary sections )f the
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Pilse sharpening effects In ferrite trenmission complexity am bulk, as well as lowered circuit
lines may be usad to obtain kV pulses with vs efficiency caused by the need for bias current.
ris*:ime. The exact description of the sharp- Nevertheesse the ferrite pulse shorpeter has
eniag effect requires complex shock wave potential IA on area vhert thert are fev
analysisl. in this paper an approximate but tochiological alctrnatives.
u*eftcl physical modelI discussed. The ferrite
is treated as a lo6Y bu: linear tvansmission in recent years the bulk of the sci. ncilf
line fran which equivalent design results are literature On ferrite pulse sharpeners has
obtained. Zn many instances the sallaaar appeared JA zth USSR. In particular, he work
e-facts present are confined to a region which by Xataev emphasixed the shock wV.V Aspects of
Is small c€Dpered to the tocal traamission the yove propagating in the ferrite. Exact
length, which makes the linear approximation analysis hs indicated the formation of shlock
*art plausible. Prelilmiry experimental waves under a variety of cond.:Lens. ad such
results. based on a 130 cm long line, are in wav.s ate important in the nterpreatilon of
accord with the predictions of the modl. pulse sharp"Lang effects.

:a this report an elementary mode for the
pulse sharpening ffs ct Is presented, wherein
the ferrite is treated as a loseay b- linear
transmission line. A simplifying feature is
introduced with the Won of a spin aacura ion
front, which travels along the length of the
ferrite. The shock w ve nacuc e of the problem
is pointed out, but emphasis Is placed on

introduction simple ad useful solutions which ar& possible

In recent years an ircreasing need has arisen p r lic.itl lving the shock wave
for V pulsers with na risecLass. In the area proble'.
of pulsers for an wave tubes, for example, Cktclne of Model
ex:remely narrow pulse widths (4 5 a) are
desired for improved resolution. Ac the same Us consider a ferrite transmission 1Lne which Is
time pulse repecion rates as high as 20 k a, uniformly mgnecized in the direc:on transverse
with pulse voltage and current amplitudes up to to the direction of propagation (Fig. 1). A
15 WY and 1000 A, respectively, are required. transmission line without ftrrite, with Lapid-
These simultaneous requiereents place tremendous ante : i Is connected to the input teraLals of
burdens on the switch, which Is the key element the ferite. A pulse with Iisetine T1 .s incl-
in the dsign of such a pulser. Switches now dent upon the ferrite. The polarity of the
available do not simultaneously satisfy the rise- mane.i field of the pulse Is opposite to that
tine, lU, and power requirements. For example of the magnetization. As a consequence the
spark Saps satisfy the risetime and peek power pulse will see a large PF Impedance consisting
requirements, but are unable to satisfy the ?PR of an inductance, as well as a cesietive coapo-
requirtment. nent caused by dissLpation in the ferrite. For

the most part the signal will be reflected,
A p-omising solution to the switch problem is although a substantial percentage of the Inci-
the use of a slower risetiae switch in combina- dent energy will propagate into the ferrita.
ion with a ferrite pulse sharpener. The itcor- The region close to the start of the ferrite

poration of a ferrite pulse sharpener into the line will not continually appear as a large
discharge circuit has the advancage of sinulta- impedance, however. rventually this portion of
neously providing fast riseim, large PUR, and the ferrite will suddenly reach saturation.
large peak power levels. There are disadvan- when this appens the large impedance will
cages, however, and these are added circuit suddenly decrease to the saturated inpedance,
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Z*. which by des-n "is chosen aal co Zo, thi In the saturated region of the Line the larrice
A Fhas at inductance per unit Length (LI) and a ca-!.put impedance. As w In fig. 1. this proc- pecirance per uait length (Cs). , CadZ

40s cotiues so that a "Asia saturation front" are livten by standard eessioas orHmcodL
propagates along the lanath of -'he ferrite. M4 li.ne.
velocity of this front vil &jcreas, as the
Pulse AmplItude IS L1creas0 .he feirrize line Vhen the ferrit a atloa Is not llged
Is desined such rite l he fron t eachen vith the icident magnetic field, the ierriteln e.nd of the ferritnei ntm . the aetire will Appear as a large Lpedanct relative to . tsaturat e imned a ce. Uhma this happens Vaut of
in the opposit directiona) ch* pulse is f* e the nnpea energy orll be rflecte although
At !.3s plateau value. This Will occur at t
7- 1a1rIng transit time effects. i.e., asom- significant percentage of the energy will be
1"; the velocity in the saturated regio * tran.mitted into the ferttte. In order in ascer-
'sh l Age n veloc the saturated regionWta the degree of reflectlin, one at cal-ulatouc:h largerathan thei velecity of the spin SAWu- the electrical paraimeters au.%Laced ictb, theticn fon. ferrite line, .F, Cy, IF ( i. 3).

'Me advance of the spin saturation front 3 st be Te transmiiaLon Iline paramters Are a function
distlnguished from the regio of meontic Uitld of the physicat. echalni3mae by uhich the sianecL-
propagating beyond the spin saCuration front. 2a&t10 alies itself with the VWgnetic fi: e , La.
Such field penetcation arises from the inh'rtat Te mec1hai which appears to prevail is the_del y 'whlch exLsts bet4ien the onet of the Gilbert form of the Landau ifschis ejuatiLon
ia;netlc field and the time ne*ded ,for te ftm wh ich the time dependence of the sagnetl-
spin& to Change direction. ri* flald penetra- zatioa is given by (gaussiLan units)
:!on Li confined to a "proT&GACIOft Vtidth.'
Fis. 2. In this region the uagnatiwca :Mt h
changes continuously betvem the t'tc oppositely - . 1- - I (3
saturated stites. At the spin saturation front At S
t =zartizatia Is Aligned wtith the inidcnt

=anetle field, 4nd the changeover Co the lower
saturation impedance is Lminant. A the far wh o : Is the Magnetization Alog the applied
and of the propagation width the field sgnalhf le1d, s the saturation *anecitatlon and, S is
has Jutt arrived zand the malnetIzatLon Is still the swLtchiLo constant. Using the approx matlon
ssturated and opposite to that of the field. given by C) .'gyS the switching tit To, for . to
Mhe field s also shown as tarminaiLng abruptly so from -Ns to s.v, La given by
at :he end of the propagation width. This ai-
pIfII* :he model but i n fact dispersion effekct 'o S

whLch res':lt iron :he presence of losa LA te
::Ansission line, will tend to cause the field
,a J icreas =ore gradually. Th s 15 to th e

field. Usllng tqa. (1). (2), and the circuit of
As tmpl!*d in FiL. 2 the field propagating be- Fig . ., calculatIon of the network parameters Le,
.4nd the spin cevetrsal front will be dampened, Cg, gives
meulcti; from :he dLssipation which accompanies

the rotaci~n of the spins. Ihe propagation h2 (d-a) 0
uld:h, as vell as the amount of damping, will L. X ,1 ()
vz:y, depend-lng on the ferrite loading and nu- I b -

dtrous othar n•rlatcers. In most cases the
:cild ptrrilon till be small, on the order of 32 3(62 - a M
A few centimeters, copared to the ccal length P, . .,,
cf the ferrIte lint which !s typLcally one ) M. S
-*tar lcn;. The relatively small region to
uhich the propagation Is confined makes plausi-
bla :e:cain simpliflicatons in the description whert 4 and a are the outer and inner radii tf the
3f pulse sharpening, withouc resorting to • !:e. respectively. ard tm Is :he mean Magnetic
detailed sock wave analysis. length. In all equations the magnetzacion, na-
Analysis of Maodel netci field, and S are given in zaussian units.

All Ocher quantities are i. MtJS.
For concreteness we consider a coaxial tcns-
issiaon l-'e in which the ferrite fIlls the en- In calculacing L, and Z,*using E.(l), we have
:Ire spAce betuen inner and uuter conductors. assumed the limeaaveragld quantity for .. i.e.,
.he Anal7sis = y be easily extended to the caset 1. - O, In a sense this amounts to treastng the
,.,re the line "s pAr:-.lly filled with ferrlte, ent!.e propagation vidth as the load seen by theincioden a e. sinice H_ ivslas from +'H to -M _1%

.n *thi:t "e 'ave concentric dielectric and for- , c ..re.rt"In
rIte sleeves. it Is also assumed the ferte tIhe rtlion. Intu!:ively this appears to be a
rns sson line Is connected o a ld -L .esonabl Assumption since this length is usually
• hile the i'-put is ccnnecced to another lIne snall ccmpared :o the total ferrite length and is-hl :-ednce , o (i-. ao. also small, or at least comparable, co the wave-

engths corresponding to the frequencies present
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in the incident wave. f.equancixu are responsible for the .eat :is*-
.int. In addition one mus: take into account

The final network parameter needed to describe pulse broadening which results from motion of
the high inpedance ferrite is the capacitance per spin saturation -roat relative co the propagation
units length C,. No calculatlon Is required her* in the saturated region.
however since Ot have assumed that the magnetic
propert:Les are uncoupled from the dielectric Aother approximation has to do wLth the time de-
properties. Thus C, will be unchanged from %he pndence of the magnetization expressed in tq.(1).
saturated capacitanke C,. Tim avrage values oaf ., .ae been utillsed, and:tei Affect on the sokution should be e;ained.
Once the network components Le, Re, and C, are olso the time b.enge In exaamtizatiun &ines do.n
known. one may calculate various tra islion considerably near etremes .%. - Ms. This will.
line properties such as the impedance Ze. the impact on the sharpness of 'tde a7n saturation
.eflection coefficient r. the |rop=atiLm con- front, resulting In a front which has a --oftla

stant yo, and other quantities, using steady rather than Oe in which the change I abrupt.
state tansmission line expressions with !re-
quency . T% phase velocity v is obtained Another important approximation is the neglect of
froe 6/!-, where I it the LmgiLry par: of ye. manettic field aecumulation in the propagation
nother mportant velocity is .hat of the splA region, arising r m "lier portions r the pulse

sa:uration front, vf, which is obtained b. relat- rise:=m4. In this analysis It is assuma. h, is
in; the energy delivered by the pulse to the en- solely a function of the field incident on the
*:gy needed to redirect the spins contained Li saturation front and prior fields are ignored.
the ptopagation width, L.. The propagation Taking field accumulation into account aiffcts
width is defined by L¢ "*v T o A second $.or- the calculation of To as wall as the network
tant lqngth is l& , - wereci, Is the real parameters L,, R1.
part of yt. Uhan La I substantial at:n,- Coutational Rsul,.ts
atlon occurs. When I4 I, 'A " the loss is M" . Computation of several important quantites,
UJhen the pulse is introduced at the start of the based on the model, Is given in 11;. A. In order
line the propagatiou width will be relatively to obtiin numerical results it Is assumed :he
large since the field in the ferrite is small. frequency, w, is given by 2=/TD where T is the
As th pulse increases in amplitude vf will in- delay time, i.e., the time neesed for t:e spin
crease and the spin saturation Iront will catch saturation frunt to transverse the ferrite. It It
up with the propagation front. The residual assumed the pulse reaches its plateau value the
field penetration at the end of the line will moment It emerges from the ferrite. If transit
have a tme duration of ', given by Eq. (2), time effects are ignored TD - TR.
%thich represents the risetaim limitation.

Fig. 4 shows how v,, vi, and To change during tha
.odel Approximations pulse risaetime inciden? on the ipin saturation
In order to obtain msthematically tractable re- front. It is assumed voltage ncident on the
sults several approximations have been made. The front, V, has a ramp like dependence, reaching a
more important of these will be discussed briefl. maximun of 6X10 3 volts at t - 70 na. As antici-

pated both v, and v increase with signal level,An important approximation is the neglect of although v levels Eff because of the resistive
shock waves. In the propagation region i: was losses. T decreases rapidly with voltage. This
shown that the permeability is inversely pro- is expected since the signal strength becomes
portions to the signal level. The lower permes- large in the propagation width, and this in turn
bility region near the spin saturation front thus reduces T.. The value of T at t w 70 ns is Y
supports a faster wave compared to the higher 2.0 ns, w/ich represents tha residual risetine
permeability near the end of the propagation re- emerging from the ferrite line. Lo is approxi-
:ion. As a result the faster waves will cat:h up mately 5 ca As It emerges from the ferritt.
with the slower waves, compressing the propage-
don relion. A knowledge of such waves may be The length of the ferrite line L, is found by in-

* derived frcs the nonlinear differential equations tegrating v.. With the present indel L, should
which apply. be approximately eqal to the inteUral f v

denoted by L.. This ignores corrections arising
A second approximation is the %pplication of the from the propagation width, which effectively in-
steady state solution to deal with a problem creas ... in the case of Fig. A, for example
'thich Is transient n naturt, i.e., we are deal- L* is 101 cu while L is 90 cu.
Ing with a pulse rather than the case of a single r
frequency. Further. the ine is lossy and thus -xperi-,nta1 Rsults
dispersion efects will occur. Laplacian tech- A 130 ca long coaxial ferrite line was constructed
niques ay be applied to solve such a problem, and testud. The magnetic =acarial is magnesium
although the details are cumbersome. Although ferrite, supplied by Trans-Tech. type T7--3000.
the transient calculation is not done here, one Ahe securation magnetization (4rtM_) is 3000 gauss,
can surmise :he dispersion effects at least by with a remanent induction of 2000 Sauss and a co-
examining various frequencies. w, such thatu < ercive force of 0.85 0e. The ferrite is composed
where w - /T . Since we are interested in of sleeves each 1.25 ca long, with an OD of 0.5 cn
the fas? risetl.e response, our interest will be and an ID of 0.25 cm.
centered on the higher frequencies since these



Te basic circuit for testing tie pulse sharpener
ts show in 7i. 5. The input switch is chyra- r -o

tron. JI.C' 621, which oporates up to s kV peak. r

he cable MFI has a 50 nl isopedance, with the
pulsteid., varying from 50 ta to 300 na. The ar w f
bias :ircuic provides current to "set" the fer- Z o  ttttttt

rice. VF chokes are included to prevent pulse
interaction between the bias circuit and :.wt
ferrite line. Current in 3 low inductance load
resistor Is neasured with a Tektronix CT-1 trans-
former. n SA~r.

When the ferrite was biased in its "s4t" state I
very little difference wee noticed in the outputwhen the Magn'etic field dxc*etd th noarcive &s.tttpptf

force of 0.55 Ce. Kvwover, wm the field was I .s
reduced below this value the flux reversalI
quickly diminished and the output changed - - -4.
accordingly. Pulsa sharpening could be obtained nMhdUM
with bias currents as log as 0.4 A.

fi;. 6 shows the pulse waveforms with and with- - _ _*2_ _

out bias for a 6 kV charging voltage. The
effect.vt Magnetiation was reduced by lowering , .,k
the bias current to 0.4 A. The sharpened rise-
tine after correction for Instrumentation ise- -_ _ _
tlue of 2.3 ns is about 6 ns. Tba total delay

tine TD is approxistely 70 as which Includes
35 ns of transit taem delay. xperimencal
results say be ccmpared with the computed St- f
results In Fig. 4. assuming t6e parameter valued . '
listed. The model predicts a length of 101 c
and A residual risitL-e of 2 ns. The fiscrtp- to 1'4 4"
ancy In risetime Is accounted for by dsperion I s ."_._|
and field accumulation effects, which have been
Ignored.

TMhe net pulse sharpenulz can only be detcrinad Fig. 1. 15otion of Spin Saturation Front
by coamprIson of :.A sharpened pulse with the
Incident pulse, delivered to 50 0, with the fer- i Ferrite Transm n Line.
-aie line disconnected. The zisetLme thus

eaxsured uss tas, indicating a net Improvement
of ieatar than 2:1.

':ncluslo.s

A zodel for the ferrice pulse sharpener based on Ze- mm
a lossy but linear transmission line was formu-

lated. .esulcs derived from the model appear to
be In reasonable accord with the experiments t 'y' tltfw ~ttfll  L

done cn a 130 cm large fearrice line. Further t I
rofineecnts i% the rodel and additional coparI- S I
son vith exparizencal results are planned.
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Equialet Cccut O F t hOWL

Tranmsiof Line for both
Saturated &,%d tsaturated Wqionx.

j~ I I~L .

IFig. 6. Pulse Vavetforw at output *.it'.

IS A And %?I'hOiat F4sgetiC Field SIAS.
0 IHorizontal: 10 nUt.c

I7 M I W Vertical: I. kV/ca
Voltage on 50 11 ?FX?: 6 MV

Fig 4. Variation of Spin Saturation~
Froat Velocity (v,). ?has*

* Velocity (v ). ana Switching
Tine, (TO) at Function of Tint

for 70 ns imsp Kisatise.

SlLOW

Fig. 5. Experimental Test Circuit for
Ferrite Pulse Sharpener.
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HIGHI PC$LER PULSE MOD~ELINlG OF COAXIAL TRAUSMISSIO.( LINES

~JAMES P. O'LCUGHL1!

AIR FORCE UIEAPONS LAORATORY
KIRTLAND AFB, WII 87117

ABSTRkCT

ATen coaxi~l cable is used forthigh voltise Ll
pulse transmission. a voltaGe transient ap ears 4
on the outer sheath conduc^4or. Although t 0 " 'magnitude of the transient Is in the order of
only a few per cent. this amounts to several 12 CC
kilovolts In many cases and must be carefully ..
considered in terms of Its effect on instru-
mentation, control and safety. To a first L Z
a proximation, theoretically a coaxial cable ~ i
should not develop any voltage on the outer Ll ; L2  L1' LI - .1
sheath. A rore refined analysis ard model shows
that the complete cancellation depends upon the H1I< SQAT (Ll'LZ) 1.2' - LZ - .412
self inductance of the sheath being exactly FIGURE I
equal to the mutual inductance between theMOEOFWR.tVLSC10
sheath and the center conductor. Thit condi- LOFICR).TA STOt0
zion Is never exactly satisfied due to current OF TRANSM1ISSION L*tHE
distribution effects, even when the distribu-
tion is uniform and radially syntetric. The
situation becomes worse when proxim.ity effects
are accounted for. The predicted sheath vol..
tage agrees with experimental data within -

reasonable limits. .- ---

UNTROOUCT 1014

The analysis of coaxial transmission lines Is ---

cc-.-=niy based upon the incremental section -

rmodel as shown in Fig 1.1 The self inductance-. - - __

of the center conductor is L the outer sheath
L, and the mutual is M Thi lumped enuiva-
Wtn capacitance of thizel ement Is C. Also
shown in Fig I Is the equivalent m-odel using -____

ancoupled inductors with the corresponding re-
lations between circuit valves. Note that if____
L lthe effective inductance of the outer
s Jah z~ero (short circuit) and all the loop _______

inductance 'Is associated with the inner conduc-0
tor. In reality, L., li1M to within a few ______

percent, fowever, t~ere il'a multiplicative-
effect such that a given percentage unbalance-
betwee~n L, andaH leads to several times that -

percentag~ unb adFce In the division of vol-- -

tage between 'he inner conductor and sheath.-
7his simple mechanism is the basis for explain- -___

Ing the existance of the voltage transient on *--- -

the 3uter sheath. The equation relating the
vol tage on the sheath to the circuit values
is plotted in Fig 2. and reads:______
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where: V2 " voltage on the sheath
V aImpressed voltage Al lu

* Dist.a

L, i~er conductor inductanceT
Sheath Inductance
M(2, mutual inductance

Note that as a changes fro= al to al, the Current
polarity on the sheath reverses. ist.
FACTORS AFFECTIN'G MUTUAL IDUCTANCE __1__

Current and flux "( T
Two factors affecting mutual inductance are distribution in R2
the distribution of flux within the finite Coax outer sheath
thickness of the sheath current, and the cur-
rent distribution in the cable as determined
by the proximity effect of other current
carrying conditions .uch as ground plane _J
images. etc. Consider first the simple
case illustrated in Fig 3., that of a coax
cross-section with a uniform current distri- -_
bution and thus a flux field which Is per-
fectly concentric. By fundamental defini-
tion, mutual inductance is measured by the
flux coupling the inner conductor due to a
unit current in the outer conductor. Thus,
the mutua* is measured by all of the flux.
Also by definition, the self inductance of -
the sheath is measured by the flux coupling
the sheath current due to a unit sheath
current. The sheath current is uniformly .
distributed over the thickness T and the
flux varies linearly from zero at the Inner 1.01 -- 0_--
surface to maximum at the outer surfa= = -
thus the flux internal to the sheath doesn't
effectively couple all the sheath current,
so L will be less than H Modifying the
inductance equation Ior chindrical conduc-
tors given by Grover, to account for the
uncoupled flux internal tz the sheath one
obtains the expression in equation (2)-.
for the ratio 12I/L2: -
(2) M 12/L2 - +(ll2)*LN(I/I-b))/2*(LN(B/R 2-1)) 1.001 ,

where: R Fean radius of sheath (cm) R2 (C 12
T 2 Length (cm)

T Sheath thickness (cm)
6 T/R2

Equation (2) is plotted in Fig 4. R2

Consider now the effect of a non-uniform cur- R1  ,.l"'. -"-
rent distribution, the radially sywtric flux _
of Fig 3 will no longer exist, in fact, the
flux between the sheath and center conductor
will no longer be zero. The simple evalua- x ; I I /
tions of self and utual inductance as above "---' ," /
are no longer possible. -I
An evaluation of the proximity effect on FIGURE 5
mutual inductance for simple geometrical
cases was done by com.puter using the model Filamentry model of oax and ground
shown in Fig 5. The inner and outer con- plane image
ductors and their images were modeled using
100 independent current filaments, 50 for



teach. iY SY=NctrY, the total number of fila- for the center conductor moved along
cents in the cadel Is 4C0. Using expressions the yaxis by + .25 sheath radii. Cast 3
for the self and sritual inductances In terms of Is for an elipTial distortion of the
the geometry, a solution for the ICO Indt. sheath, elongated along the y axis by 0 to .25
pendent currents was obtained using Crtamers sheath radii.0
rule to solve the loop equations on a CYSEA,
176 cemputer. The ASPLI3 library program Comparing the data of Figures 2. 6, and 83 it Is
DECCHP was used to evaluate the 100 x INO obvious that the ratio of mutual to self Inluctance
etterminants. This model vas used to evalu- M /L is predominantly determined by the thie'r-
Ate only the proximity effect. thus in fret nlis 9f the outer sheath and the proximity and
space. I.e. no images. it V.; eaiibrattd to zechanical distortion effects can be neglected In
give -tro voltage on t sheath. This was most Cases.
accceplished by adjusting the diameter of
the filaments to pull thlOshea ch voltage to
less than one part in 10 per unit of
impressed voltage. The diameter used to
acccr-plish this was 1.07596 times the dir-.%
cumference of the conductor being modeled
divided by ICO.

The net proximity effect on M as a function
of the distinct of a RG-19 coli above a
ground plane is shown in Fig 6. In Fig 7 art
current distributions due to variouis prox-
Imity effects.. The cases shown are for a
;G-19 cable spaced 1.04 sheath radii from~ a
ground plant. Case I is the distribution
In the outer conductor with tho coax center
conductor used as a return In the norzal
manner. Cast 2 is with te center conduc-
tor rar~oved and in infinite ground plan.
carrying the return and Case 3 is with the 00
center cznductor renoved and the Irage
carrying the return (two wire open line).
N~otice the rearkable insensitivity to the
proximity effect a coax has ( 1.5) com-
pared to the other cases, The effects of
various geometrical distortions are shown 0 *-- *-

in Fig S. The initial geomtry of the
three cases shown is an RG-19 spaced 1.041 2 3 5 6 7 8 9
radii from ground. Case 1 is for the cen- DIR2
ter conductor moved off center along the
X axis by 1 .25 sh-eath radii. Case 2 is

MIURE7

Cirrent 0istribution..

*ASE 1, Ciax atove ground-
oilane -

C~e %,Fund conductor
3tove ground plane

:ASE 3. Two wire pair --

.33 i)____ _______

1.1933 !cn)__________
.2 ____________

3 1 .2432 '~cni)______

0j AT b V ~ :5 1350 aa



P.COL OF A REAL CIRCUIT

Shown In Fig. 9 Is tne tircuit cadel of a pulse
* transmiission ccix Including the ground plane.

Thle cable is a Dielectric Sciencts CS-20lS, 61 E1
recers long And modeled At an average of 15 cm
aboeth:e ground plant. The distributed circuit
01 the cable and groun! plaN, is modeled by 100
!'nit 0weents. the driving tource Is 330 KV
with a one cdcrosecond rise time and a 27.68
oto source resistance. A FORT.AI coc.puter code

* was jucd to sclve the circuit by coventional
loop current technicues. The result of the
Analysis giving the voltage frccm sheath to-
ground at the sending end is Plotted in Fig. 10,
also shown Is the measured voltage. The cable
was driven through a pulse transformer, CCG is
the secondary to ground capacitance and RA Is
a E0 cmv resistor used to monitor the voltage N

* via a current transformer.

C01'LUSIOA

It is concluded that the transient voltage which
developi on the sheath of a coaxial cable under
pulse conditions m~ay be explained, Analyzed and R LI 100 sections Ll
reasonably well predicted based upon the differ-

* ence beten the cut-ual Iinductanct and the shiath 330 kyI
Inductance of the cable. 1w s tr u 113
REFERENCES CGI1i

1. John 0. Ryder, IUetworkds Lines and Fields, CG23 C
2nd Ed, Chapt 6, Prentice Hll, 1955. C

*2. FCrederick W. Grover, Inductance Calcu- FG
lations, Working Formulas and Tables, P 271, FG
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Angelo of Raytheon Missile Systems Division.
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The Light Detecto-NI.. Amplifier 5t t5

M optically activaced 10 kv pulser vat of a pkoeto diode, ecItter follwo'er tad avslaachd

designed to provide ly Jitter, lo0g life, traosistot.

reliable trtgEeri~t of 14sitrs. trigatroa or The lateredlate State Pulse Am.pliftir is a
31dpi ne ztritgared 'j.~rk ope s high voltage tvNCY stage SCR Masrx 1gTeitor circuit.

*lect.ica lly noisy envirow4euta. For .. idplaa The Kcytro% 10 kV output pulser Is a .vo

cr-;btred spark Saps, 4 step-uvp transfoer ts stage modLfid XCyctroe tube srx "e45rator
also rejuirnJ. The inpu. to a fibre optic cable circuit. The **Lficatio. to this tube consists

is a 9.5 vatt injection laser diode. Th4 pelser of as eloeCOd glass evelope a 2.2" Instead of
detects and a .mplifis the fib: optic cable the stadard 0.85" for 4 Z-A 1. C. A C.
output to 10 kY. Krytroa tube. The inctesd glass eavelop

length provides for Wore I" cNUs increasing

anticipeted lifeclua of the tube. In order to

decrease the jitter of the tuba, the keep ive

elmec of zhe tube is pulsed vith a current a
I. Introduction 100 times the normal keep alive current for one

T he developmenc oC thi pulser is intended uillisecond prior to the triggering of the grid

to bridge the gap betean Inexpensive, relatively of the tube. (See Fig. 2-%4odIfid Block

sIcv rIse tie, large jitter, sometimes short Diagrm.)

lived pulsers and the expensive fast rise time,

low jitter, also short lived pulsers.

The Light Activated 10 kV Low Jitter Pulser

tasic design consists of a Light Detector- Pulse

Aplifier, an Intermediate Stage Pulse Amplifier. U" T Arm to W.AMA P.S

:nd a r.ytrcn 10 Y output Pulsar. (See Fig. g -1

I-Basic Block Diagram.) CWPY

------------- ---------------------
*Vork perfored under :.he auspices of :he USDOE. b SCA"
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1. ktdrogeo Thyratron 10 kV Output Fulser

(using an C. C, & G. I-8 hydrogen

S f . ,A awuu f e q~ #.jlt P..DJ45thy:sarron)

-- Z'. 2. SM 10 k Output Fulser (usnlg A. Z. I.

NzSemiconductor 2101-1401 pulse

thy.ttsters)

- 1 3. MT 10 kV Output Fulmer (using

-#%%9 ...- cd . ,lstinesh & TC10o::0 rever,, USlas

,* diode thy:istors)*

......................... An interest II the possible use of LASC's

____ _ hu determined, through conversatzjA vith Lou

Lory at Westinghouse, that such a device Is not

yet available eves experientally which Can be

triggered with les then approximately 10

MII. Test mill'jlea of light fa: a 1k% device# for a 10

Light Datector-Pulse Amplifier. This kV pulsar 10 LASCR's would therefore require 100

clrcuit provides a 120 vol' output pulse vith ( I tiIjoults of lilght for trtilloing.

nate-econd rise time, S nanoseconds delay time

an! neglgible jitter for triggering the T.

1nttrn:dea o Stage Pulse MAmllIcr. Thls pulse Discuseload with Bill Nuonally at JIS

will be used as a reference for measuring lelays Ssrjeant at LASL have been mast helpful Ian the

of tbe succeeding circuits. 1his pulse cam be deailn an4 testing of this pulser. Inftmation

used as a synchroniaing pulse fv triggering coecerning the odified Krytroe tube and the

scopes, etc. method for decreaing its Jitter have beeA

Intermediate st6Se pulse amplifier. this provided by Spencer Marg of r. C. & C. and JIm

circuit provides a 1400 volt output pulse with an Sarieast at LASL.

8 nanos4cold rise tuae, 15 nanoseconds delay time

and negligible jitter.

iKrytron 10 kY Output NeT. This circuit

provides a 10 kilovolt output pulse with a 5

nanosecond rise time, 35 nanoseconds delay time,

and 2 naa,•mecouds jitter.

The complete Light Activated 10 kV Lov

Jitta Pulser provides a 10 kilovolt output pulse
with a S nanosecond rise time, 50 nanoseconds

delay fto the rafereace pulse or 58 nanosecond@

delay from :he l.gSht pulse, and 2 nanoseconds

Jitter.

IV. Future Experiments

Life testing of the present circuitry is yet

to be performed. As a means of obtaining the

best possible pulser with today's available

technology designs of the following pulsers will

also be built and tested.
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Attrzet high Ladihctivt, low energy trrafer ?4rlod (WeAY
Linetp uerortnat re-razes grater in o~lo that$ lag cyc It) allowing 4"quate recovert

CSa ae~ It hertzc cequire sp*CWa circuits colofr h loigwtc.~o 5tt~i~~ h
suc pper operations of tCM Switch. specifically, rm o Mcoigsic.Ip*strtote
tyracracs And other closing owitchos require a Inductor core opersat in the 1ev permeability t";.-ct perlod" of several aicroaecoude or more bat- linoth3Hcuv rdlaaownutaefoce add~ volctg Is roappLed; this delay allows o .3~cre e isalw£dcac
rdeoer/ AMd prevents reclosurt of the thyratroti. which results In a relativoly fast ergly transfer.
-t erohod of achitilog the required delay -.* i ttesdo he gn ylth aerst

IVY UsIng a sightly ~ILSaCche4 FF and sloWer-th#A- Att, adothcarigylectto ets
resoraut charling. Howtver, repeatition rates at to the initial conditions and the cycle repeats.
U~vr.-YPe mOW4lators Are 1Imited by the character-
imtcs o., re-sonant charging. Zn order to increase
rep-ratds, those characteristics any We "W14f4 by To obtain a sharp break beitween the saturted ar.4
using a saturable reactor as a chArling Inductor. unsaturated stats of the saturable indoctor, it is
This paper de crIbes design conalierations and lab- desirable to have the 1-Hl charscetC'.stic of the
orary pecfrrrace of saturable tnducturs used to coea jr spse t -,h rvit gimreacnarely charge An eneorgy storage network up cotao~aea ~ebe.Ti rvdshg n
:5 W ich A delay as much it 14.5 aicraocoads. itial. permeability for the charging delay And a low

saturated permeability for fast charging (high rep-
* rates). In order co achieve high tep-racts ;a low

The equ~ed I~ elayor raceperid fr swtch sturated Inductance Is required. Since the sAtu-
recavd:v =Av be achieved with a ccoead charge ad inductandik Is ZVersdty Proportional to ct

s~~n hovever. the required circuitry is usually square of th4 sactrble flux density, a large satu-
z:.xitIUad and qexpensiVe. A ecparatively simple rated flux donsicy results in A low saturated In'-
zn4 &inexptnsiva =ached of achievinq Whs charging 4uccance. For fficient eneirgy transfer. hvstere-

jela3V Is 0:04%~ slower thnA reomat charting. -*I AIA losses thould be as low is podsibla. To =ini-

audants; of this method is the *!Witariat zisc this loss while 3alctaining a high saturatlon
-1 :*p-raA c3 A narrow range by the characteris- flux density, a low coercive force is desifed.
:Vs: zi~:v charging. Thia rep-rare restric-

zlz t e trductd by using a satu:abld Inductor A typical 1ie'rype zodulator is show n I-%T1ure Ila
as a .hsr;!n; iriductor. The major disadvantage of with the saturable Lnducnor used as the charging
using saturabla inductors In inductive char;ing net inductor. The charging time for rgsonant charging
vont, Is thatctheir opersting characeristics are wich a linear Inductor, as seen In Tigv~ra lb, Is
.14t1aqa Jepanden:. determined by %he charging inductor and the cs;xcl-

.ant. of the pulse !orming network W,16):
iz~cuz-ablt ircuccor %iclixts the non-lUnearicy of ft

:he ~VscoeSa Z~jr'. If =.2tne1cmteriIls. To prevent reclosure zf :he =ain U'schar;t 3witch,
:rLizally, the inductor operates In the high pearm-e- T should be suffltntlv lar;. that a -.hrssholdvoln
3l::1Y ra~ijn 4f the B-Hi curve. T.his provides 4
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t;e '*Is nor' exceeded Vthln . seconds. where l: 1tcing the saturation tio of the Inductor core-

is the r¢cvery :int off the svitch. A slig.htnega- Spend 0 the recovr t'i m,2 the hyratron aM by
,I" mismatch o the load and ?I. will ircrease T -ninalin:in the saturated xnductcit of the Lnduc-

Sand a ffct the maxious :ep-rate only sllhtl. Th. tor.

maxim=s rep-race a: which tht switch Pay be oper-

aced i thus lialtad co approlately:

I lIT Doeirn Conslders:t .s

A typical hysteresis lIop for ftrroaagne.ic Pat#-
* rIAl suizablI for use i's satrable Inductors Is

T14 7Ishown In Figure 2, where the coercive forct, )tC.
-' the saturated f lux density, I s, and the snturAted

permeablity, us, are Indicated. During the delav
period, CA, the voltage applied to the indu :or is

* approximately constant and is equal to the power

4. supplT voltage, t *ps" From Faraday's law, he nl-
ber of turns required for a saturable inductorvith

delay time of C seconds may be dete:rnned;

Owihere a Is the cross-sectional area and S is t h

stacking factor of the core. The saturated induc-

tces of the inductor may be detemined:Fig. I: a) A line-type mo04lartr utilizing asaw
urable Inductor as charging inductor. -he voltage ,{sAS
charging wavtfors Is shove using (b) a linear in- L

ductor and (c) a saturable inductor.•The enK mepetic path of # the core IS denoted by .. ,

Uie of a saturable inductor as a cherging inductor 
t.

vill result in the vaveform shown in Figure Ic. Ti) n

tive required to saturate the core, ts , is chosen

largt enough to allow recovery of the switch. The

charging :ise is nov dependent upon the saturated

* inductance of the Inductor:

V - ,. (3)
sac Fig. 2: Hysteresis loop of material suitable for

For reliable operation, the core should reset tnap- use in saturable inductors.

proximately the sum point on the 1-H curve after Hysteresis, eddy current, and copper losses dstr-
each saturation. The time required to reset co mine the =1 power handling capabilities of a satu-
this point is depindent upon the number of turns. rable inductor. Hysteresis loss in a cycle of cp-

.4. area of the core, A. saturation flux density, s, e.-ticon :ay be dtermined from the volume of the
and voltage applied to the core during reset, core and the area enclosed by the I-H loop taken at

Ereast. such chat: the operating frequency. Eddy current losses are
r E A 3a cheracterized by 1 losses In the core aminstons,
cet metallic protectivt cases, and etc. 'he -o.a! cre

Ther fort, the maximum rep-rate is now limited to loss is dependent upon svitching speed, core mate-

spproxnately: rial, tape thickness. and switching sveaform. Hvs-

f' - 11Ci-; T' + trese) (5) ceresls losses dominate during the delay time of
T'he :axit rep-race obtainable through usi ng a s- the saturable inductor. while during saturation

urable inductor for chargin:g may be realized by mast losses are due :o eddy currents. A nore co-
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place dsscripLan of Chest LOSS-is And Chair eft.taC.

Wpon tgahleb Inductor$ :m be foun~d t-1 ref.rence

!ht voluoe of the core :tegur*4 in a Saturable !a- J r
duzc.or nay be d erimnod C roe the desired am "ovr.

:he wayiteresi loss of the core sascendl. &ad %he Tia. 3: IyocteraSi loop shovIns opermloon of in-

1ep- 1te Wh indom Arta of the Cott is dependsint duccor core as vAjor 4a4 d aor loop#s.

upon te tin curant. 'rho Ant of currenit the current; hoever, It should bst noted Chat the t-

vinding 1i reV'rtd tO ca ". determines the viad- Sac Wanding Vill ac: as a trAnsior to Chae aa
Mg~ Vva Ce.~ M to te4MperatUr4 C0011i'14Mra01on, W#Udag so that hith voltage may U. epplled to the
C4?74r will safely carryI aprOXiancly 235 AAA! bias circuLcry. (Also. AddiCIONal U134Wo area

rus current; C ro this valut, the rejqsirld Cross- mould be required.) The constraccion of the chang-

sectIonal AreA for the vive isey be 4aterased. Tar ing diode wa! W such that the reverse bias lazkae

wica With a Circular Cross sectioa. the Uindiags. current it large enough to Insure core reset. 11a

will fill Approxistaaely 473 of the Available vindow this case, little cc no negative flux WAY be Ia-
spa. ThA percentage of vindow area required for ductd La the core. Wei requires that :he cornt or'
444qusa.4 !asulAtlon free curm to curm and layer to ensce 0n A aMnr hysC1TeeILS loop; A.4.. Only I the
laiyer tny be accounted for bty a ccustant, Ajm, Positive portion of the 3-4 cu.-Ve. 3y iiLatscal
uhich wil. depend upoa the desired voltage hold-of!f the diode, over-resoast charging say be used vhith

and qU3a110y of 1Insulation. The Vladav eas *or nov Vill provide the noegative current needed to toeset

ue Zttrzinedi: I~ the core; however, this curret may be large enaough
Anoll~5~ (8) to force the4 core itotc negative saturation, rtvers-

Lgthe Charge POlarity on the PI..

noder to "nsurt rella. cyclic operation of
:hot satunabtt induc.-or, the core should be reset to us0C lattilts0
:he tcI.Mz14 conditton after tach pulse. This re- Isaed ont av*LAIl corest, threet saturablet Linductor

-'rtsncs te iron of the core so that the next pulse wve, desined for an existing oodulator. The* Ctt

vil! tn-;uncar :ht taua charging delay. Th.i oper- odulAtor is Show n !aTIturt Z. the type of cort

a~izn is Mlustrated Ui figure 3. At Poine I on'..a used was 2 il. laiated silicon steel vith:

1-14 -urvo. voltage Is Applied. After ta Asiends. A0
SIs reachtd 3nd the core saturates. TheI .6 ca

zza 4"f letS to reset at Foint 1. but =nless-legs- -the -..4 power and current required !na Appli-

:Le urent flcues through the I1nductor winding and catlcn vat Lev, so Cort Volui And vindov areia van
wie~ctvet flux *.a inducsid In the core, the core nay tot rtical values. The design tl~se delay and A-

Sreaw tz C.we Initial Condition Ind!Cat.&J by node .olctag are indicated !L% the ftrst -.Vo colunns

ran I. It Us also possible to optrate on a rinor of -Able I. Trat chese value* And ranufActu.-r's

wiscerosts loop. %%te such loop could be initially speciftcations, :t remaming values of TAble I
st: At p,,4nt Is. In this instance, ittle* negative were dete-rnd.

flwx vauld be required to achieve the WItal con- L

nctin. :he anutof Current necehsary to reset Toltage sa

t : rcav V e deter=ined by: sky) (useic) 'r.H)

0 H X2~9 1! .. ~ 60 1.6*0 125 220 .5
25 12.5 30 I .

'Asdc -.3v d .1=7ie=ented I-- several 'uavs. A seccnd 1. 5 5 1.

uvanding and blas Icicymay be Incrcduced to pro- !able 1: Iestgn values !or saturable llnduc~rs

zlIU'l a 4: 4!2s '=:act equal to the desired reset vich 2 :l1 silicon-teetl zores.

0



.ht r~a;Ing chsraccirietics far the three induc- %trea may be ftuad frog the rms current. From chest

zots art shown In Tiliurei S. Va~st Curves Wndcate values, the care xi:o xaw be chosen. nie number of
:he charlin; voltage acrss the puise famig lim~ trn~s to be vound on te core may to dettumined!

0 FlL) catietaict of the cost modulator, uher* the to-- Cote 4rACt*;IliCS And lilt. so I

saursting effect o., the Caol can astly be seen.
The voltage is hold off initially due to %te high T.# design of the *xV*tI*4ntal inductors was based
Indcac.orso4n t h et e~d . on values dectrmind as above. In chest cases. the

cort then saturates, pcoduci:; thet rtlntit1 high rxe pawer an4 current work loy, so volume and win-

*ftequeacv chaq;Ing vav*efors shovn. The. core than dog Arta were not Critical. None-tht-ltsA. tha use
SuItches back to log W ctanct operation and :a- of saturable Inductors in Inductive chargtin; cir-
sect reset In- this case was -Aieved with reverse- cults has been democs--med. As ht results h.ave
bias current fron; the charging diode. % change i-% Indicated, an Increased '"gract period' nay be oh-
time st~alk e as the saturatd regioit mork pro- rAlned through thair use. Since the delay time of

*au ouc*4 in figures 61; a 6c. the Inductor Is volcagot dependent, ct use of sazu-
table Inductors as charge delav switches is bost

K .suited to constant voltage applications.

1. C. T. Coat* and L. t. Swain, Jr.. Pith-Pmvr
0Fig. 4: Test modulator used In duuip And tes-. of Sexicorductor-)(atrneic Pulse Conerators, Cam-

saturable Inductors. bridste. Nsa: The I.I.T. Press, 1966.

*q It 4

s :atalinutrdein,

Conclusio

1:~~ ~ ha'ensonta h esg fasrrbt.
duccor~~~~~~~~ deedsuonte e ui m oerad*-

sire. dela tring.:.Tcr voltame may the he

cure nn the = power olae ~ and the wido-
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A~bst rat

tltccra-opclcal measurements of the electric fields The reduced flashover potencLil arising becsuse

alons Insulator surfaces have been made to deter- of dielectric incerfaces L* of prmry concern n
mine the ztchanisi' issoclatcd with fa t insulator the design of fast rise,high voltage accel.racocs.

flashover. 0ta: will be presemed ct sbowv the A better understanding of the basic echanism

ttrporal and SePcLal perTforuece of the surface leading co surface flashover is required to provide

filds prior to And &c ,flashover for insulator technical direction for improved dielectric inter-

surfaces oriented at 0 And 4S' with respect to fac4 designs.

h4 3Flid field. esutCs show that the surface Research has therefore been conducted to dtcer-
f'.Ild near ".he cathode Is enhAnco and the field mine the physical aechanisu a,.oc aced cwith fast
nar the A.oj4t is reduced during the excl taalon. insulator surface flashaver. Specifically, electro-

Mhe results tur:her show a cporal reduction In optical measurements have been performed to deter-
:he field non-uniforaity as flashover is approached. mine the spatial and temporal behavior of fast rise

te f eld collapse associated with flashover occurs time, short duration, incerfacial electric fields.

-ers .apidly for 00 surfaces. The field Collapse VoltAle excitation with nanosecond :Utd cine and

fir 4.5 surfaces begins at the anode and propagates duration and excicacion levels of up to 300 MnIc

4: J.33 cm/ns owards the cathode. .chanistu con- have been used t'.i produce daca r*lvAnc to ;resent

=sacnc with theos experimencal measurements will nd future accelerator designs.

-:4 ro, lated. The measurement of the alecc:-c WeJd distribu-

rIon prior to and 4 flashover Is considered parcta-

t1CrMuct!On ularly zportarn since :hs*e data can Jecor:!ne the

C.-nduc:1n; eoictrades in high voltage devices are role of insulator surface charging for various In-

often separa ted by dielectric Interfaces. The sulacor con.igurstIons and excitation lInel-. In-

l.- rea~dou ir flashover volcage for electrodes sulacor surface chargintLs postulaced in ost f ash-

separated by a alelectric incerface is typically over models and has been aeasured for sloer exci-

.. ss than the break-down volcete wi:houc the di- tact.uss. However, the distribution mnd behavior of

electric Intarfac2. The reduced value of break- the surface charge and its role in surface flashover

:ovol0:aee Is generally actribuced to surface has noc previously been determined for fast. nan.-

:.r;Ln; of the Rielect.rc Interface And resulting second 4xcicacions.

Incer-dec:-cde fidld modifications which lead. This paper first briefly Jescribes the sur.face

aven:ua3I.,:o plasma formation and ioni:afcon avsa- flashover problem. This .2 followed by a .iesc:ipC1.
Incne along the dielectric interfacial sur.ece. of the incerfacial electric f eld measurement ceh-

! .his work was supported bY Sandia Laboratories



nique used arnd the expermental Arrangement requir- Attvd2 And Insulator Surface. It Is also possible
Qd. Results obtained Arc then presented, showing that for nanosecond excitations. the flashover mech-
the temporal and spatial behavior of the iurfact aniss operate extremely fast such that other aech-

fields for 0O And WS Insulator shapes. anions In addition to surface charging contribute

Surface Flashover Dos_^r1u-:Ion to flashover. The field at the cathode triple

A simple electrode-insulator. Cnfiuaion in Junction; could reach high enough values %o cause a

v%.ch surfAce flashover occurs consists of' ;vo micrvdis.'Arja, due to explosion of an emission site.

electrodes separated by a solid insulator. The an Ths could release sufficient electrons and photon$
* t~~Irearneeti:navcu.Ti ragmn froz the cathode and/or insulator surface to cause

is applicable to many practical devices and is used Impact Ionization of the gas molecules on the In-

for most of the measeurements reported here. A sulator surface. This in turn could lead t~l A

%A%3cge pulse is applied Across the electrodes in plasma streamer and ultimately breakdown.

typical applications. Voltage levels above a cer- Measurement Tec),%Iou# and Exerimental Arrang~mn:
t ain valu6, for a particular pulse duration, will Flashover, cccording to postulated models, re-

cause an arc or flashover to occur along the in- quires that the Insulator surface be charged b!-
sulator surface. This arc occurs at a voltage level field emitted electrons. The surface charge then
that is much lower than the arcing potential of enhances the electric field In the cathode region
the electrodes without the dielectric spacer. near the insulator, causidS increased cathode field

The physical mechanism stociated with the ob- emission, avalanche, and ultimatly breakdowni. The
served flashover and the .ovtring of the arcing 15 flashover process therefore is dependent upon, an
voltage has been postulated hy several researchers. inter-electrode field modification. The modifica-
Electrons are emitted by small 'vhitaers" on the tians to the interfacial electric fields alon; the
electrode surface ne~r the triple point. The surface of the Insulator were tlectrc-opticalIl1

emission mechanism is field emission due to the measured In this Investigation.

*field tntensification at these microscopic sharp Electric field measurements were =Ade usin tost

points. Som* of the fi*1lta eitted tleotrons strike cell arrangements xhovn in Ti;urr, 1. The tst cell

:he Insulator surface. Most insulators have a shown in Figure 1(a) is constructed using a KP
coefficient of secondary emission greater than one (pctassium-dihydrogen-phouphate) crystal as the

such that more secondary electrons atve emitted from Insulator maLrial while the test cell in Figure

*Insulator than striking primaries. This results in 1(b) is constructed using nylon surrounded by nitro-
a positive charging of the insulator surface. This benzene. The surface electric fields can be deter-

surface charging propagates from the cathode to the mined by )ptically measurin; the Pctkels effect in

Anode. The process continues until a steady-state
surface charga distribution is esta'..ished or until ±V-
flashover occurs. The steady-state charge disc-

bution exists when the energy of returned second-

Arles is such that the energy dependent coeffici- Vacuum aum ir-
2-5 VaumNto

en: of secondary emission is equal to unity. The )MP Electrodes ~~ln benzene

charge distribution, however, does not have time
to actin equilibrium for short pulse excitations.

0 The occurence of flashover in this case has been

postulated to be due to impact ionization of gaos
6

molecules desorbed irom the insulator surrice. (A) (b)

The ioni~acion and molecular desorption are both Figure 1. MDP and Nitrobenzene Test Cell.

due to primary and secondary electrons fror the
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he Kfl? nur the vacuum flashover surface or by

asasurlng the Kerr affet In nicrobin:ene neat r the £ ViAlf ev

n-o1cnvscuum flashover surface. 
plt ?ockeI or e

err eltctro-optic effects are therefore used to I " Warfare•

irir tht electric fields along the 1lashover sur- Iran

face. folariller

ihe ockels effect Is characceri:ed by the fact tit (
-at llntarl7 polari:ed light components polarized

in directions parallel and perpendicular to the

applied !ncer-electrode field, travel tbrough the
KDI crystal wich different phase velocties. The T- est E,

Cell "
past velocity difftrtnce Is proportional to the

Applied electric field such chat orthogonal light Figure 2. Polarization Analyzer.
components, after passing through the transpartit

XDP Insulator, are not in phase. The magnitude of The operation of the interferoecer is described

he pase introduzed Is Sien by in dutail in Reference 5, however, a.brief deocrlp-

tion is presented in the following discussion.

4 Linearly polarized light is passed through the

3 ZA.sC cell. Orthogonal poliariaCion Components
htre r63n0  il an electro-optic constant measured 1 and EL , polariard pa rllil and perpendicular

co to be 3.3 x 10 "11 (aks), L is the path lialth to the applied electric field, respectively, 4
through the KDPI E Is the applied flald, and A is emerge from the test cell out of phase by an

the probing light wavelength.7 Therefore, the phase amount, ), as shown in Figure 2. Light entering
dlf!erence between the orcthotonal probing light the analyzer is divided using the beam splitter.

com-onents is indicative of the electric field in Liner polarizers are positioned to pass only

the FDP or, specifically, fields at the vacuum/XV X,, in one path, and EL in the other path of the

interface. The phase difference - can be measured analyzer. A half wave place in one path is use; to

very accurately using a polari:saion analyzer, co change the polarization direction of E,i so chat

'. described. Ei and EK are no longer orthogonal (orthogonal

Th 1e4c: affect can similarly be used to measure light beaus will not incrfere). .he light besot

Inctcfacial fields. Orthogonal polari:ation CDo- having polarization components rll and SL are then

lcntns of probing light travelling through the recombined using -- bean splitter. The result Is a

nitroben:mne, nvar the nylon surface, also exper- finite fringe interference pattern indicative of the

lenes a reltivt phase shift. The amount of the phase difference between the two interfering beams.

peiae shift is given. by Representations of typical Interferograns ob-

2KLE, tained usinq the analyzer are shown in Figure 3.

Figures 3(a) and (b) show the interference patternhee',is : %e Kerr coefficient of the ni:roban-

zone tK - 325 x 1l
- 1 (ks)). Measurement of obtained using the Kerr effct test cell. The in-

terfrence .frInges for no applied field or for a
), therefore, yields data regarding the electric

fields at the nitrobenzene/nylon interface, spatially uniform field are shown in 3(a). It can

be shown that a spatially non-uniform electric field
'he phase hift t is =easured using the polar- will produce a fringe pattern similar to hat shown

izatlon analyer shown in Figure 2. The analyter In 3(b). It can further be shown that the mai-

cnsiss of the various bea: splitters and mirrors rude of the .fringe displacemenc Is :liven by
shoun, :.o orthogonally oriented polarizers, and

a half wave place. The analyzer produces a finite :.

fringe Inter.erence pattern indicative o . 2



.. VVacuum( I

irobtnzena

* £lec:rode and interface Insulator shadow 0 -41, )

(a) err Effect Fringes, (b) err effect riges,
Unif o Field Non-nifor, Field Lltczroe, in/trface shdow

sVcuum
D? Ay(:ly 1 ) is indicacive of field at tly 1 .

* ~ Figure A. Slit Incerferolra Streaked in Tizu.

iectrode shadow (Y.t) 2) V U. 0

Figure 3. Represencatlon of Typical Interferogram. nr 6 3 L

* for the ?ockels 1iff et, where y is a position co-

ordinate along the slit and t is tixe.

The components necessary for the electre-
where ay Is the amount of fringe bending observed optical interfacial field teasurements consist of
and 6y Is the undeviated background fringe spacing.5  the XD? test cell, the nitrobnzene teat cell, and

A similar interferogran is produced using the the polarizacion analyzer together with a high vol-

Pockels test cell. A representation Is shown In tae pulse genrtor, probng laer, and an imae

Figure 3(c) for a non-unifom electric field near converter camlera.
the DP/vacuum interface. It can be shown that the

fringe bending is related to the Interfacial field The KDP test cell consists of a I cc x 1 cm

by 5 ca, 45, Z-cut XDP crystal held between two alum-

• f . n0
3 r 63 X inun electrodes. The entrance and exit apertures

4y 2 2A of the crystal are polished to X/4 flatness. All
other crystal sides are polished to be :ransparent

he position and bending of the finite fringes only. The nitrobaine test cell consists of tWo
produced by the analyzer can, therefore, be used electrodes separated by a nylon insulator measur-
to datermine the spatial distribution of the elec- Ing IV x h" x 1 c. The nylon insulator is hol-

e tric field near the vacuum interfaces. Temporal low, having a wall thickess of 1/16". The nylon

data can also be obtained by positioning a slit at insulator ends are inserted into 0-ring grooves

the interface being examined and streaking the and the interior volume evacuated.
fringe pattern with an image converter camera.

This technique is summarized in Figure A. The The arrangement necessary for test cell ,x-

* specific relationships between the observed fringe citation and optical diagnostics is shown in

bending and the spatial and cmporal variation of Figure 3. The arrangement consists of an -X-15

:he fields to be asured are given by coaxial line pulse generator, a pulsed ruby laser,

r~~c -the tes: cell, the analyzer, and an image converter
_ 6yK L camera. The FX-15 power supply provides the vol-

tage pulse to the test cell. the ruby laser is
for :he Kerr effect and by uxr! to probe the test cell and, additionally,
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o :rl;ger t' e FX-1S. Laser trggering of the Interfacial field behavior for both non-flashaver

FX-IS is necessar, to reduce ti-3Lng problens. The And flashover conditions. Figure 6 shows a line
trilltring cechn que shown uses the same ruby representation of an interference pattern indica-
laser to Initiate and observe the flashover. The tive of the field distribution for no flashover.
Q swivt.h ji.ttr of the laser it, therefore, un- The fringe displacement Is seen to increase and

lprtant. he system jitter arises due to var- ctmporally fnllov the excitation field. The num-
uclons in the TM-15 %as gap breakdovn delay. bars In parenthesis indicate the total magnitude
This uncertainty is preseatly on the otder of a of the fringe shift at the peaks shown. The xag-
few nanoseconds. Bath optical and electrical d4- nitude of the frinse shift (and hence the electric
13y lines are utl.L,:ed to synchronize the diagnos- field) At the cathode is seen to be greater than
etc LZA;e converter camara and fast scopes vhich the fringe shift at the anode. Additionally the
art used for voltage and current measurements. peak fringe displacement is reached at the cathode

Ruby laser at a later time than at the anode.
If rThe spatial variation of the Interel ctrode

Waer delay field calculated at times t And r, of Figure 6,
t ed 1  Trigger scope is shown in Figure 7. Times t1 and t., correspond

and streak to the peak fringe displacement at the anode and
Conductor r the cathode respectively. This figure shows that

ac both times the cathode field Is larger than the
FX 15 anode field. This observed cathode field enhance-

V" 7- €meat is consistent vith the theory of positive

r Test charging of the Lnterface.Center

Conductor Cell To analy:er and Further analysis of the inctrferometr:ic data of
streak camera Figure 6 can be performed. Superimposed on the

Fi;ure 5. Test Cell Excitaction and Dianostic observed fringe pattern is another fringe pattern
Arrangement.

Experimental Results cathode
The electro-opticaX ceasurment technique and yrea viewed -

the xperimen.al arrangennc described have been

qsed to -essire the electric field distribution "

along 9 ' KDP/vacuun Interfaces, 900 nitrobenzenel I

*vlon/vacuum .nterfaces, and - 1*5 nitroben:enel

nlonivacuum interfaces. This section will pre-

ient data obtained for these cost cell configura- '(6.63)

:'ns.on

V ) .DP!Vac.Ju Results. The KDP test cell was used Anode

to determine the temporal and spatial behavior of Anode

the incergap electric fields along .a r D solid _,

::"stalvacuu= interface. Results will be shown 'to.-char ;e

fzr excitacion levels and durations where no flash- e2-C 1 * .6 ns 1  f -in;es

:ver )ccur:ed and jhere flashover lid occur.
"The valcage i old- f. capobilie%' ai t~he g0° Figure 6. Representation of Streak Carera Photo-

-'acuum/solid inter.4ace was unpredictable. This is graph.

in iqree=enc with the data obtained by Anderson. 9

owever. .aca could be selected to illuscrate the
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E(W'/cs) Xttrobenzeneltvlon Resulzs. The n:-obuzen,

9 j Diaribution at tesc cell and the optical measurement described
time t.,cathode so
peak - have also been used to determine ni:robienzentf
3.. 70 nylon interfaclal fields. Data have been obtained

60 for t01 insulator surfaces and 05' surfaces.

S50The fields in the nitrobenee, separated fron.ev Distrlbution at time 5 the vacuum field by 1116 inch, Art illuomd to be

,1 anode peak 406 .19 indicative of the vacuum fields. N4o attempt has

Ties ad r son n30 be-onmade to date to actually calculate zha vacuu=-S : a0tfields in erm of :he natcobumxiel fields

Fi ur a. 04 Nt obeasentlltvlon .esults. Intararial filelds

t--__ I I I I _------_"_(c_) have been rntferooetrically measured. A linc

0 ,,2 .4 .6 .9 r epresenltation, of' a ty)pical intler.ferogra is shown

Anodede i Figure a. The i3nipqcld behavior Includes:

Figure 7. Surface Fields f:or X 2)/%Iacuum (1) attainmenmt of larger fringe, sifts and hente

Interface. higher 41sacric fields ner the cathodAe (2) a

shown in dotted lines. The dotted frt-lges cot- 9.32 TIS oer

respond to no surface charging. The position of dyay egins

chese fringes Is determined by using the me, P Chad*

temporal waveform of the excitation voltage and

th'e known magnitude of the test call lockals of-

fact. The figure shows that the observed fringes 6.

depart from the fringes for no surface charging. 132-

The separation occurs first at :he cathode and 2.11, -

later at the anode. The time difference is seen

from Figure 6 to be approximately 1.14 us. These Excitation" . begins "

data can be interpreted to imply that surface

charging begins first at the cathode and that the

surface charging propagates in 1.14 us to the 7rina.pouit on,

anode located 1 ca away. This corresponds to a no*erface c

surface charging avalanche velocity of .34 cu/as. a n3

Interferograms have also been obtained for ex-

citations which resulted in flashover. The fringes A

again follow the excitation voltage until flashover I 1 2 t3 Nodecm ~333 Zo-chrgC

occurs. Surface flahover is observed to hegin val.25 _ v3.33 cr on,s W- rns i to

at the anode and propagate towards the cathode.

The observed time difference has been observed to

be .4 as, corresponding to a flashover propagation Figure B. Representation of Streak Camera
Picture for Xi:robenzane/Nylon/

speed of 2.5 cm/nas. This aelay is not observed Vacuum Interfarogram.

consistently. It has also been observed that the rapid aecrease in the field enhancement near the

flashover occurs simultaneouily in the intergap cathode; and (3) additional decrease in the field

region. This apparent sinultanaus flashover values to another plateau value; (4) sicultaneous

behavior cannot be further resolved with the fast- intergap field collapse at flashover; and (5) intar-

est streak unit available for this experiment, gap field modification beginning a: the cathode and

2.5 "/ns. propagating to the anode.
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te flashover Is observed to propagate ro a-ode
Lo cathode (I C) in 1.2 ns. correspoding to a
veloci:y of .83 €=m n. r n e
v S of-3ar v 

1. X. Soersche, at. al., "Surface Discharge&Acroso Insulators in Vacuum," Zeltsc-if! fLrEle~tro-optical measurem.n:s have been made and Ange andte Physik, M, pp. 5 S (13).
have dttermined the ctrporal and spa:til distribu- Sutte e n~nsecad lserio leds Ion vsuu= 2.C.H, do Tourrtl at. Al.., ",Mchan-1 0o- SufAcezion of nanosecond electric fields along vcuumi' Charg;ng 0f High Voltago InsulAtots In Vacuum,"
solid interfaces. The results Indicate that cathode IEE Transactions on Electrical InslaTion,a-a:J, 17 Own;3.
field enhanemen: and 'achode initiated flashover S 17 J.0are Important for 0' insulacor aurfaes. Th d~ 3. T.S. Sudar~hin tind i.D. Cross. 'DC Fieldart Ldp:t~ne seora' insul or.urfeacres Tht 04 .odifications Produced by Solid Insulatorsh~~dv.tt _Ined several perforzance features for 0* Bridging a Uniform Vacuum CaV," IJUE Trans-
surfaces which have not been observed prior to his ations on lectrical Insulation, LA., 1l2,(1973).

rk. The features include (1) cathode field en-
hanctment ; (2) the cathode field enhancemet occurs 4. J.r. trainard and D. Jensen. "Electron Ava-

lanche and Surface Charting on Aluxins Insul-firs: t the cathode (a Ild enhancemet propel- aors During Pulsed High Voltaga Stvrests,":ion velocity has been calculated); (3) the inter- J. Appl. Phys.,jL 3260 (1976).
Sap field enhancement is reduced in two steps. the 5. T.S. 30s:shan. At. a1.. 'Prabreakdovn Pro-
fIrst step is slower than the second. The second cesses Associated with Surface Flashaver ofSolid Insulators in Vacuum," IttE Trans. onreduction essentially reduces the interx3a fields tlectrical Insulation, XL-16, 2c0, (19771.

to the uncharged insulator surface values. The
velocity of propagation of this effect has been Flashover 4odel ased on Electron-Simulated
measured; (4) Flashover sst often begins simul- Desorption," Ith Inc. Symp. on Dischar;es and

Electrical Insulation in Vacuum, Alburquerque,
caneously between electrodes. However, anode September 1978.
initiated flashovers have been observed. The ve-
locity of the acoda initiated flashover field L ,1612-1617, (1966).
collapse ha, boen masured. . J.E. Thompso a. al.., "Optical easureent

Results obtained for 45" insulator surfaces are of High Electric and Masgnecic Fields." IEEE
presently inconclusive and should be considered pro- Trans. of Inscrua. and Measurement, 25, 1
lizirary. The results do show, however: (1) Fields
near the vacuum 5* angle are enhanced, probably 9. L.A. Anderson, "Surface Flashover Masure-

.. ents on Conical Insulators SuEgestin; Pos-because of :he permitivity mismatch resul:ing from sible Design Improvement," Sandia Lab.
the alec:to-optic fluid; and (2) Flashover has Report I SAIM F5066F.
been observed to occur first at the anode for ne- 10. A. Watson, J. of Appl. Phys., 1F, 2019 (1967).
azive 45" surfaces and propagate towards the cath-

ode at a velocity of .83 cmlns.
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An Ap'ad et wv l ur-l-w j. studying electrical break- arrangement. t ith a temporal resolutlen be:t

dou. t .it L. :,*qins %a4 spark is described. than 50 pS. current couponeats vith ireque=.c >.

The appraCtUs An!. date procesl'; ,% the time tO 10 M could be 9necaured. An tloctr-ic cir-

.o breskdo .n, current, resistance, i,'ner dissipa- cuLt held che gap breakiovn voltage and the sub-

clen and enarLg Loss in the spark sap during the stquent charge Ln the ctrans ission ILne to precise,

- nS in uhich the current riiss from :ero to a predeterwrned values. A computer based datA re-

rne." conscanc value. A specially constructed ducton system deternLined t h current aveform

transmission Line terminated in a A'.n. r- and from data corrected for the frequency response o(

L.srumenttd vich a i probe and sat.i.irg oscL- the *Lga delay line. Results are given for

loscopt is used to observe the breakdo"n. The argon &ad nitrogen, each at tuo overvoltages.

initi l charge on the transmission line and CIA Introductlon

cur:eint, ObctA!nd by integrating the i signal, This work is part of a parametric study of swll

provide ,hi Lnformation needed to define the spark gap brekdow as effected by gas species, pressure,

gap operatLn in a well characterized coaxial Sap length, percent overvoltage and eLacrrode

am -.

.01110 NIGIVK

OR CONI~CTOi

OICEC 0

MATINA CODE-

A A.SILVIR MAUDMASS

0 S"T-I' 36 OI. BMRSON AN CUIAN
E - ELKONTf' ,V IW2. CUAW
,. MAC#A DOW COMIM CI AIOC
T1 TIFLN "

P. COAPI PIPE. 2 cm I.D.
S . SILVER

F. ure 1. Transmission line :eminaced by spark ap.



material started last year &A was prompted by thet plat.ad brass rod 1.27 cot in disater. The silver
11ie n norltd aaaalbe ml plating reduced line loss at microvave frequencies.

* ;apt (t, 2.5 m) with high E fields (3- 2 x 101 Wena) *asr5~tats of the li1no gave a relative dielectric
differ significanly frou larger gaps in %t tat constant of 4.16 and a characteristic ispedance
of current risel. Sortasen and ILiscic 2 provideid of 12.0 ohms. This low imiedanct allows hie, gap
the st Arzint point with-, their concept of a rap- currents for resolutilon of low gap resistantck
ecitively charged transmission lint *park lap to The dissipation factor of che dielectric 11A
study very fast trrasistions. The waveform of the 40.0009. A i probe placed 10 ca from the spark

0current In the gap Whas mediaca engineering gap somitored the current changes In the trans-
application and also provides clues to the mech- aission line, This prob4 viex fashioed from 35
anismeaocturIng during breakdown. all semi-rigid cable by usiag the flatand, center

XXT10OLOCTconduutor to form a I sm loop. The probe s41f
Transmission Line Spark Cap inductac with a 50 ohs systax gave risetima o!

* he rapid breakdown of small gtaps presents -a pro- 4 2$ vs.

bit. In simulta*eously measuring voltage and cur- Mionita (1001), an allay of 70. V aW 302 Cu,
rent with Su~fcieuc teuporal resoluti".. by using mNsChinsd to AS apProximAte iogowski coUntOUr', was
thd coaxial tranamission line *park gap with a used to make the aloctrodes because of ita excellenz
known Z0, Figue 1. only the -.ime dependent current vear characteristics. Gas flowed across the gap

*ut asesrd a; a rate of I. lier/az&ut (to A ).The gas
The transaission line was constructed fris a 60 ca baffle in figure 1 surrounds Cte lap and (arceas an
long copper pipe with a 2 ca 1.0. and a silver even distribution of gas across the gap width as

SCAKMW

IRIGLATI DEA 0A _ _LU N N 111
GAIIIII C

17J --- VOLTAGE

PULSE CcisG IlaM CIHRCUT0
*~NG VOLTAGE W.Eprietl e-



wall as pretserving the line ZO Across this region. light with a standard deviation of less than 6.
'M'A f.low race warn chosen so that at leat 2 changed for A Zo of 1..0 ohm. The 5 probe conate was
of p.s took pilats. between ar.s. The arcs the.% dectrmind free masureents with argon at 50 paLs
occurred in A $as relatively irn* froe residue ad A 50 micromecar Sap while asouaing A low gQ p
and were highly repeatable. The adjustabled resistance when. the di/dca 0.
electrode which allows Sap *Lite up to 0.5 on is Ca spcis pressure, flow race and gap length
eltctrical1? shorted to the outer *hall through At* selected and t0A static hr"Wkovn voltage
a 4111er folslidnS contact placed less than measured. TMe clamp voltage is set based on A
3 an from the spark gap (Figure 1). -4%4 3csgth percent G"ereolt Of tho Stacku breabdown VOltage.
of this short circuic thus Ia less than 115 of The ?ulse generator voltage is Ott AppCOrMOtIs~Y

-A WV41.-Ith A 10M. 01 Above the clamp voltage to ensure a fast
Casrtine Circuit charging pulse risetime. Pulse rptition rateds
The "aplng techniques to monitor the i signal Of 33 to 100 VIA were selected As needed to Produce
require that the line be charged to precisely the stalel oscilloscope traces. -Te system Is run
same voltaget each time for amixwoi amplitude several minutes to condition the electrodes bofore
Jitter.. The high %voltage pulse generator And the the charging Voltage AnA the S ignal are re-

electronic voltage clasping circuit shown in corded. Wh~en. gas species ia changed, te gap Is
r.1gure 2 held voltage variations to loss than dissasseambled, cleaed, and the1- electrodes polished
1.5t. !I-e risetime of the charging pul** must he &nd flushed with the new gee. The gap measure-
fast enough to prevent the Sap free breaking down mants stablixe After 2-3 minutes of operation.
btfare the clamp voltage is reached. Cenrally, Sigaificaat electrode erosion or coating have not
-I.saeimod of about I microsecond Aire satisfactory, been noted during runs with argon ad nitrogen.
but uhen Sap overvoltage. greater than 250-300Z DaaRduto
At used, (astir charging pulses are needed. A 1 siocp eauigte6sga
dL11ltal moitatter mnitors the clamp voltage and drives A X-Y rAotter to record the data. These
a specially built, pulse compensated voltage probe waveforms are digitized and stored in a computer.
uith a oscilloscopt teacords the charging pulse te computer amothes the data, reconstructs tt
uvaleorm. This also gives a measure of the tim signal at the input to the delay line, solves the
berveen 3ppLcacion of voltage And breakdown to circuit equatioas for the gap resistance, power
a11OW 4 StarIstIcal analysis of the tIm to break- disspated and energy lost, and plots these as a
idl)fl. function of time. TMe delay line, which Acts 35

Procedure a tine Invariant low pads Miltr, distorts the

rte spark sap and transmission line -ere charac- signal. The computer program finds the 7ourier
:orl:ad by determining the Sip capacitance, the transform of the sigoal, mltiplies It by the in-

ciarzccariscic izpedance (Zo) of :he line and the verse Fourier transform. The currant in% the trans-
=cu~l!---pd~nc of te lin andi probe. 7te gsp '..ission line is simply I(c) ar Bc c hr

.apaeitance is in parallel with the line and the v3 (t) is the 3 signal and k Is the mutual induct-

lint 4apacItance adds with, that of the gap. sace between the i probe and the tramission line.

In arder to determine Z., the velocity of propaga- The tize varying resistance of the gap is given 2

tl~n vas =assured v4th an rkor pulse generator and by Vk+Zlc/

-3o Tektronix san-plin; heads. Four points along ai~t)

thet ransmission line were accessible and -it-, -E(t)/k + ZoCuict)

paired for three zeasurezents. Time domain -.e- S-1here 7. is .he breakdown voltage,

floczromacry was also used. The mean of -.has* C is the gap capacitance and it can be
=easurements gave a value of 45Z the velocity of seen, that as 1(c) gets large an accurate =asure



0 *~ bqcornes Worit t~ for accurate rtsults. 0e~t
3ovr = aatr,-f a* 4.-Ct2) AVAU21bi* !?@14 tht t., .4 Wti

4
.*S1~

curtint an~ ~I Itt 110.~a 340 ~t.1t44 IV

&he ttne dipendew~t 0.0 gap 4,-c s4 inssna-

ta-maus p@'rdr for argon at two ZIP ratios is

sh nm 141L.4ures 3-6. Tor cwasoth-i -!t~n _______________________

Ins of i-tsancAnous lap power for -Itroltn -

4zCvo El? ratio$ IA given, In FIzurts I end A.

'tsble I. is 3 sumry' of som of the pat-samars

.a.- -.he four crans. The cap rusistance curves i'" '" ' '

the recIt~nship riturt 4. (gun 2)

* '4th a a listed In thii table. zi ( -teit 0" &91 #0411. 

Tha very hith olvect.ic field in t.h4 gsp. sakes it f POWER
opeate I.% an u-susual rtgima. After the alectrodeis J
arect nnd with electric fields ;Xtacer
than 107 Vi2, cause its eXplosiom of cathode j______________________

* :irotips 1'. sd create rmna'ay electrons from
the avalanche that Strerat* X-rsals. 7%us It.

this repine, breakdown Is very rapid and does no t

follov breakdown In laps ith lower fitldsS. An 14
txszplt of' this can bt seen in itug'res 3 a"i 4, z
vhere at constant pd the rate of gap resistances

fall in-eaCses 'rhen the Char&-ge VOICAle djcre$ases. ...

2A .

ARGON 1t mt,~. et bie..-I"a IJ Filure 5. (Run 1)

~ It It

stl.01016 a R114.1
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* ZLMIAV DEMSIrnS IN L -TAMEI P. 5ARK CAP D15C1WCZS

t. J. Cruml*y, P. 7. Williams, M. A. Gundersen and A. Watson

Dep:. Elect. 1m;., Texas Tech Univ.

Lubbock, Texas 79409

Astract

Tht results of exp4rlmencs designed to measure Stark-broademd a:oaic lnPevIdCh using the

electron densities from measurements of Stark relatioa1

broadened spectral profiles In laser-triggered

ditcharges In hydrogen are reported. Temporally 3 31 -

sad spatially resolved data have been obtalned

both during and after the arc for discharges in where 4 is the electron density, -S is the full
hydrogen. Evidence of a sockvave is presented. Stark vidth, and C(INRT) it a coefficient weakly
consistent with the observations of other depeadent upon X 4 and teperature. Time-resolved
Investigators. data have been obtained both during and after the

arc for discharges in hydrogen, and opatially-
Introduc:ion resolved data have been obtained for times
Laser-triggered spark laps offer a number of corrusponding to the bealning and tnd ,f the arc.
important advantages In applications requiring
switching of high voltage at high currents with The experimental arrtlemetu is shown In f gure 1,
low Jitter in the switch closure time. In such and consists of a spark lap enclosed In a cell
gaps the triggering laser Is focussd onto ont which is evacuated and then backfilled to the

electrode, usually entering the gap through a desired pressure with hydvogen. The aluminum
small hole In the opposite electrode and passing electrodes have a constant field profile, and a
along the gap axis. Even though the gap voltage voltage less than the static breakdown voltage Is

Is held at a value significantly below :he static impressed across them using a coaxial cable
breakdown value. the laser induces the gap to system, charged through a large resistor by a

break down completely after only a short delay, regulated paver supply. The length of the cable

Study of the basic processes responsible for the Is such that, when :he load Is properly natched to

breakdown phenowi'a are of considerable interest, the transmission line, laser-triglering of the gap
not only because of :he direct practical value of results in a clean current pulse of about I usec.

such studies, but also because of the critical duration. A nitrogen laser pulse, a 5 mj. In

role space charge-induced fields must play in the 10 nsec., enters the gap axially through a 2 mm.

Initial breakdown, hole in one electrode and It, focussed onto the

other electrode, triggering the gap. The emission

We report the results of studies undertaken to from the discharge exits the cell through a

deter-lne the electron density in a laser- window transverse to tha gap axis, and is
triggered hydrogen arc. Electron densities were spec:rallv-dispersed with a 0.5 m. spectrograph.
deter--ined from the measured full widths of the An optical multichannel analyzer is used to detect
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.he light and a spectrum coveting A range of 2C0 fairly rapidly to a nearly constant value, After

is obtained in a sintle shot vith good sensitivity. the arc is extinguished, the density decays

Tne resolution :o 50 nec. Ls obtained by Ist-at rapidly vith an apparently sL*plt exponential

the detector. Electron densities are then tciL. dependence Wding a tiae constant a. 300 ntc.

deceraindd from the Stark broadened lintvidths

tu s u a l l y t h e 1  l in e ) . 1 0l 7  +

4,

Dic~lloscopt Mfavr Supply

+4

Syte +

O1 6

Attenator yarm
0

+4+Lae 4

Tkcrosl 1051 0.5 1.0 1.5 2.0 2.5
Cowputat Time (usec)

Ti. 2. Tamporally-raesolved electron
Gting densities observed through

[ S ic ro == h/OZIA C-*fl*Vt tor ~~i i d s h = e
cancer of discharge.

FTi;. 1. Expe.lxtntal Arraujament

Spatially-resolvd data vetr obtained by tak'-.r

several spectra across the diameter of the

Uesults discharge and o4rfarxing an Abel inversion, which

.wo sets of data are discussed h ere. The first extracts the radial dependence from the laterallv-

sot zetsures :he electron density, averaged observed raw data. Pdially-resolved data ver#

thriuth the canter of the arc. for tles through- obtained at tvo :tie2 corresponding to the

.ut the lie of the arc and Into %he afterglov. beginning and e nd of the arc, and are showa In

MTia iecond saet of data shous the radial variation figures 3 and ". The results of these messur -encs

of the eloctron d ensit., at 'two set t-.i-es. indicate :at the electron density : the center

of the arc corresponds :o that of the temporally-

.he tceporzlly resolved data (Fl;. 2) Indicates resolved measurments, 3nd falls off smoothly
,Iat -n the arc phase a faser-crl;ered from those values to a pnint corresponding to :he

in n i. er-volted ,ap is sinilar to a radius of luainosict. At the outer edgaes of :he

:onventler lly-induced discharge in an over-volte disc.'arge an Inc-ease 0f eectron density occurs.

;ap. he electron density Is maxi== at the ti-e 'Ae believe this behavior to be evidence of a

wnen :=e arc brd;es the gap, causing the shockvave expainding radiall: ftro .he dischar;e.

2Plete .ollapse J! the 3ap voltage, and decays in conventional. over-voited caps, shockwaves have
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been predicted bj 3ralinskil,' and have been seen

by Roppi: 3 using a Schileten technique. The

characteris:ics of the increase in electron + +

density seen tere er, consiptent vith the results

o f )yop p i: : . . 4

.0
eo 4.

*x
10.0 + + + + + 2.0

+U+
I. +

S7.5 +
S1.0

0+
* ++

+
". 5.0+
C + 0.5 1.0 I.5 2.0 2.5

+ Radius (in)

"F 2.5 Tig. 4. Radially-resolved electron

density at end oe art.

0.1 0.3 0.5 0.7 0.9

Radius (m)

Fig. 3. Radially-resolved electron

density at beginning of arc.
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AoSTAACT

This paper describes the research on electrical ations have formed the rationale of the experi-

breakdown in water currently being pursued at mental approach.

NSUC/L. The experiment l apparatus LA described Apparatus

in some detail. 3sults of over 500 cests are pre- The Cast appAracus built at .SWC/DL explicitly for

sented. Breakdown events were observed predoun- water breakdown research consists of three coupo-

nAntlv n the 2-10 microsecond time domain for nates (refer to Fig. (I)l A tater conditioning

applid el.ectrical fields in the range 200-500 KV/ system, an electrical system, and the test cell.

cr. The wide scatter of the breakdown time which

is IntrinsIc to the phenomena requires a careful CSAN$=

examinatLion of the seaisecs of the data. iy

MMU

3ackgroundr0
oar, because of its high dielectric constant, AI

sal!-repairability, cheapness and ease of handling IPUACAON O~ATH

Is f nding increasing use as the intermediate H.

tnergy store in pulse power devices. Large mach-
?i 'urd I. W.t|,r flruakdow-n Exper!91,nr

-nas, which are high energy as well as high power

devices can be expec:ed to have the water capacitor

,:harged in the mulc-aicrosecond regime. The water The water conditioning system was designed to pro-

"ust noc suffer electrical breakdown during this vide water which could be well characteri:ed. it

zhir;inj t =e. These considerations have led :he consists of (a) a pump of > 4 C?H capacity, (b) a

;ulsdd power 4-rcup ac NSVC/DL to actively pursue mixed bed delonizer, (c) a deseration column, (d)

resear h on this topic. The ;oals of the effort a heat bath to maintain temperature and (e) an

ar to provide epiricsl performance comparisons ultra-violet sterilizer to suppress algae growth.

I.n order to establish design-trade off rationale, This last item is used only intermittently and may

and provide experimental evidence to test various not be necessary. Resistivity probes measure the

:heori es of breakdown, resistivity of the water at the ouclec of the de-

In the rogi=e :o be reported on in this paper, the ioni:er an at the outlet of the test cell. Tea-

process of electrical breakdown has wide (apparently) perature is measured by thermistor probes located

statlsnl.al var~ctn. To easure these Intrinsic ac the outlet of the heat bath, at the outlet of

:ariations requires large numbers of tests and good the test cell and in the deaeracion column. e

con:rol 3n all process variables. These .onsidar- pressure in the deseraton colum is maintained by

0ra

0
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a vacutm pump, protected from water vapor fouling down time is also measured by counting 3 100 ?Iz

by A crap cooled by an alcohol-dry ice slurry. the clock jignal gated by the voltage signal. These
pressure Is measured by a mercury manometer. The all are recorded on a Tektronix Model 7844 Dual

*water Ix conditioned for about 3 hours before tcat- 34an Oscilloscope. Figure 3 shows a sample test

ing, and continually during testing. All told, trace.

About 40 gallons of treated water are continually

circulated. It takes About an hour to bring the 6 mV

resistivity of the water to above 15 KI-cm (25"C)

from the 2-3 K,-ca value the water degrades to :
ovtrn5;hr. The resistivity obtained in the system

is at or near the ultimate value for water and C# W R

success In obtaining such high values is ascribed

to flowing continually above 2.5 CM and to the

fact chat with the exception of the test electrodes,

the copper coils of the heat bath, and the small

area of the stainless steel probes, the water touches

no metal or glass. All pipes and valves are hard Fig. 2. Electrical Circuit
PVC. the pump has a nitrile Impeller and the deact- CM, MarX Capacitance 22nF
amion column is plexiglas. Veaaration takes longer N, Marx Internal Resistance 9001

La. Stray Inductance Aux
*than dtionizing, especially if the test tell has CA, Stray Capacitance .lnT

been opened to air. At equilibrium the percent Re, Charge Resistor U
Cii, Water Capacitance .4-.5nF

deatracion is computed as p 3ii0T)R, Water Resistance *3009nf

Z Deauracion a100 x (I-)
760

where: p - pressure in column. torr

?H20O(T) -water vapor pressure, torr

The circuit of the electrical systm Is shown in

F'igure 2. The voltage source is a 10 stage Marx

generator capable of 500 KV maximum, whiose erection

time Is a couple of hundred nsec. The Harx charges

0 the water test cell through a 4000.1 copper sulphate

resistor. The voltage alto bleeds through a Marx

internal resistance of approximately 900a. Circuit

inducznce is unimportant and the voltage across

the water is closely given by Fg3 apeDt rc
V(t)-.1V r ~ c) TpCreV(t), 1 C21 - 41.7 KV

where V. - Erected Marx Voltage bottom Curve i(t) 1 CM = 20 A
At Breakdown V(t)*O and L(t).

-/1- 1tCm- 20 usec Voexp (..RfCmt)IRc since capacitor is shorted.

..l/2 - Rc(Cw + Cs) - 2.0 usec Starting glitch due to Marx gap transients.

The voltage is measured by a copper sulphate divi- the test cell is a plexiglas box 20"lx20"x14" which

ding resistor, the current is measured by a holds the test electrodes. The electrodes are

Rogowski coil. The observed voltage and current tough pitch electrolytic copper in a hemisphere

waveforms agree vith computer modeling (which takes (R - 1")-plane configuration. The fitAl surfacing

into account temperature and gap size effects) to is done by sand blasting writh glass bead

the resolution of the oscilloscope traces. Break- (Blastolite, size BI-lo). This surfacing technique



is chosen, ot out of any ,,allef that it produces

a superior surface, buc because it produces a wiell-

characterized, easily restored and reproducible & 104=t M

surface. The Sap spacial is measured to .00l" by 0
a cathecomater before each shot.

f-ocess Variable Condition f

Vac*r Temperature 19 +2-C A.

acer Flow Kate ) 2.2 (""

"ater Resistciviy > 13 Mf -ca 0
?r ssure in Test C ll 1.3 p u i% . . . 1.

Deacracon -0 5 10 1

Electrode Material Electrolytic Cu.

Surfacins Sandblasted
Stressed Atrea 300 I rig. 4. Irekdown Tim vs 4axiam Field-

Smmaea of Data. The dots are the

CAp Spacing 2.8-6.4 - experimental points (VEKX, tb).

Tae 1. Sumary of Experimental Conditions To examine the properties of M( as a nasure of

aults breakdown, the quantities 1/3

For any real apparatus the applied field is a 4L a rAX i (tbi - .53) 1 - l,...,294

function of time, consequently there is a built were comuuted from the data. The result is dis-

in dependence of field at breakdown to time of played as a hLstogram, Figure 5. The histogram

breakdown for any single text. Further, any real shows the mean and mode are close to the regreskion

apparatus can only span a finite region of the valu of M.

E- plane. The region investigated in this work

is bounded by the curves shown in Figure 4. Also MiUi4 -.
displayed in this figure are the expterimeintally

observed point pairs (EH.X' tb) where E 
is the 5

maximum field experienced before breakdown and tb >.

is the time at ., ch breakdown occurred, measured

from onset of voltage. The touchstone of water

uceakdown field-c te experiments tx the relation W

due to .. artinl:

X u .- (tb - to)l~ constant U

Htr,. to is a tine parameter usually defined as

the tic* when the applied field exceeds some given

=raction of its =axIUM= value (a.%., 50., 63Z). A n
linear regression2 on the rt.acion 0.3 0.4 0. 0.6 0.7 0.1 0.9

tb 0 to + (!/E) 3  M, (MV/cm) * (14 sWc)"

yielded from the data the values Fig 5. Histogram of ,rtin's felaction

.. a .562 (ON/cm).(usec)1 l 3 ; to u . usec

T A criticism of the regression analysis stems from
vluo e fo u M ssed the lueodes. aThe the observation that the standard deviation of tbquoced f or urifor-' . stressed electr'odes. The

value to corresponds to :he time E() a 08 E . is not constant over the population. This is shown

in Figure 6. This Zraph was generated by arranging,ha regressi on cur';e is also plotted in Fig ure 4.

the data in order of increasing . X and computing

the means and standard deviations of cb for all
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sets of 30 ordered points. klc.ther this variation

in the W, deviation Of tb wh b Is intrinsic to aim -

the phenomena, or due to the particular waveform

* used in the experiments, or one of the process

variables is a point yet to be resolved. * .

airM 4 OF AirAT-N 40

&" < !> Is 1/4 1 "
*2 Ae

-' g- II
gj~JL 'MEAN OF AU DATA

6 1 Fig. 7. Aging Study. if aging was scron;,
4 ,l.M"A TOmN1U O M I W it would be expected that these curves

would have a monotonic :rend up or

Fig. 6. Variation of Tractional Deviation down.
of Breakdown Time with Mean .m to
Br-eakdown, un'nalg 30 Point Averages. An apparent threshold effect at about .275 iV/c:

The same set f ilectrodes was used for all test. was observed, below this value breakdown often did

These alactz,,s sat in deaersted water for over not occur. Figure 8 shows the results of a series

two months. During this tine a thin, uniform of tests used to explore this phenomenon. At these
lowar field values sets of at least 10 tet with

patina of oxide developed on the sandblasted copper

surfaces. The oxidation rate in the dcaeraced identical waveforms were performed and the proba-

water was noticeably slower than when the surfaces bility of breakdown defined as

were exposed to air. Aging (i.e., the change in The no. of cests in a tot breaking down

breakdown character with time, or number of break- Total no. of cests in a set

downs suffered) due to two mechanisms could be

postulated. One mechanism due to the oxide layer

buildup, the other due to pitting and scarring j
from repeated breakdowns. Aging ws studied by
arranging all breakdowns in the chronological order •

in which they occurred and computing the running

statistics of H. The results are displayed in

* Figure 7. Thtre seems to be no clear trend due to @0
aging. This is somewhat surprising for at the con- 0

clusion of the tests, the electrodes were highly

scarred and pitted. The positive electrode was

more severely damaged than the negative. The pits, 0

reminiscent of Moon craters when viewed under the

microscope, were of uniform dianter (,. .17 m) andOo.0

uniformly distributed over the stressed area. MAXIMUM FELD 0 MVcm

Breakdowns were visuafly observed through the

cathecometer during testing and showed no tendency Fig. 8. Threshold Study

to occur in the same place.
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it should be made clear that the abciss of Figure Risearch Program and by DAKPA through the Naval
8 is the maximum field the vtveform would have Ur Systes Comand.

achLeved if breakdo n didn't take place, which is
no necessarily the same as the seximm field

achieved. Also the -tbovt simple definition of
breakdovn probability is confounded by the ex-

pirimental observation that the probability of

breakdown on the nth test dapends on whether the

n-lst test broke dovn, which is to say each test is

not a Bernoulli chance. This affect, which is
difficult to quantify, va explored in a qualitative
way. c vas established that, following applica-

tion of a high styeq, t0e low stressed test would

probably break dovn. But the application of low
scress a second cime would not result in break

down. This effect is ascribed to tranaistitorr

damage, wherein a violent breakdown produces our-

.face conditions *hich weaken the hold-off strength,
while a mild breakdown following repairs the

damage.

Sumary

It has been the intent of this paper to report the

findings to date of the continuing research efforts

on electrical oreakdovn in water being pursued at
NSCIDL. It has been shown that Martin's Relation

'-s a good gross measure of breakdown in the region

2-10 usec, but that shot to shot variability L&
cie of breakdown is large. Aging seems unimportant

and there is evidence for a threshold. Obviously

much mare work musc be done. The effects of tea-

perature, resistivity, electrode material, and

surfacing need co be studied. The time regime

should be extcnded to the 20 and 30 usecond domains.
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Abstract. a par t ofth dvelopent prograa f*or the AUMOPA 3

The electron emission characteristics of metal geerator, and more recentlby l hiton Using bars

cathodes subjected to pulsed electric field in the stainless steel cathodes. The data reported here
absence of Insulating magnetic fields has been an- are the result of a limited, empirical study of the

vestigated experimentally. Uniform electric fields phenomenon under a specific set of pulse and elec-

in the range of 0.2-0.5 MV/c were applied to troda conditions.

SO cm2 surfaces under vacuum in single pulses of The experiment tat conducted to investigate
- 60 n duration at a voltape of - 0.S mV. &are the feasibility of using dielectric coatings to

metals and metals coated with dielectric materials suppress emission. Investigation of coatings under

were studied. Pesults show that hare metals with pulsed conditions wee considered particularly im-

freshly prepared surfaces can withstand fields of portant for advanced, high-power laser exciters

S300 kV/cm for 4 40 na without significant erea•- because such devices typically do not produce the

sion. Emission-induced discharges degrade the our- large, self-generated magnetic fields used to insu-

faces such that full space-charge-.tAiited current late structures in low impedance accelerators. 5 ' 6

densities (100-250 A/cm 2 for this experiment) are

obtained at fields as low as 200 kV/cm on subee- nescrption of Juperiment

quent pulses. In the case of coated surfaces, it The experimental apparatus (Figurs 1) consist-
was found that dielectrics could occasionally sup- ed of a 39-ca-diameter aluminam vacuum chamber con-

press emission completely up to J 300-400 kV/cU, taining a sample holder and current collector

and unlike bare metals, could partially suppress assembly. the samples were 23-cm-diameter by

emission after havinS passed significant current at 6.35-in-thick disks which were held in place by a

fields up to 0.6 XV/ca. radiused clamp ring. The holder was attached to

the negative output electrode of a Physics Inter-
Introduction national company PUL E De 225-4, which produces a

Electron emission from surfaces subjected to 12 kJ, 60 n pulse at 5.3 A when configured as an

high electric fields in a vacuum is an important RXlA.

consideration in a wide variety of pulsed power ap- The experimental parameters are given in

plications. The phenomenon has been extensively Table 1. The basic experimental approach was to

investigated for the dc case. Early work ' provided install prepared samples, then fire the 225-W at

valuable insight into basic emission and vacuum the ^ 530 kV output level using a variety of

breakdown processes, but with the advent of high- spacings to achieve different peak electric field

voltage, high-current, pulsed electron acceler- magnitudes. The general pattern for each sample

ators, it became necessary to investigate the was from low to high values of field. ?bst samples

phenomenon on a submicrosecond time scale. Some were initially stressed to 200-250 kV/cm (2.5-2.0

work was done on this problem in the late sixties2  cm spacing), then subjected to gradually increased

'Work partially supported by the Lawrence field for successive shots. "Up-and-down scans
Livermore Laboratory. were often used to investigate degradation effects.
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Figure I xpedmantal apparatus.

Figure 2 Detail of current collector assemtbly.A

T iA-S 1. CfIPrRX.lJWAI PPM MRS

collector current and diode voltage won usedto Interpret experimtal resultt. ae exper-

[-90 m Kmeat$l iye* of "eit was chosen as the ratio

Pam ,i . -79mPON J/jc whe J is the pek .maed current 0Idm e 3~mm-Nm. 1040%
Iim4 WM - denity aVesrged over the So c&2 collector are,
Pak Vm 140 *M "Ma nm S 7kv.IM and J C s the coqmuted value of vpace-charge

~0 e liLited current. .jC is given by the non-

SO 4WM V A *1 hi. relativistic ZAnlMir-<hQld law expression
Vme ,Rmp 204.0 x If mmP z~c - . 4xI 3 / 2 d72 A/ .

__________________________________ 'C a 2.34XI03 V~" d c /

Diagnostics for the experiment wo the where V is the voltage In volts (measured at the

resistive voltsge divider and current probe time of peek collector current) and d is the

(Figure 1) provided as part of the 225-*, and the smple-oollector spacing in co-

current collector (Figurtes 1 and 2). The voltage sare mtal asults

monitor as used to deduce field values# Inductive sare metals were tested to provide a baseline

corrections were unnecessary because of low cur- for the coating studies. ?.u types of metal were

rents and the fact that all voltage. qtoted were tested, stainless steel and aluinum. Cly one

measured when di/dt a 0. surface preparation, a aachined 32 finish, was used

The current collector assembly (Figure 2) for stainless steel samples. Several preperations,

3er'ed to provide precise spacing control as well ranging from a surface roughened with glass beads

as to reasure emitted current. he active to one with a mirror-like polish, were used for

colletor was a 50 c=2 graphite disk surrounded by aluminum. The differences in ele-tron emission

a concentric, re-ntrant graphite guard ring which characteristics between the two metals were found

was provided to eliminate fringing effects. to be slight, and the influence of aluminum surface

Spacing accuracy was * 0.001 in., and minimum preparation over the range tested was minimal.

leector sensitivity was - 3 A/cm2 over the 50 cm2  Typical results for stainless steel ore shown in

:entral Ilector area. Displacement current Table 2, which jives measured values of mean field,

density, given by D/;t - co 3F/3t, was on the E, emitted current density J, and the ratio J/JLC
.rder =. 1.5 A/cm at 0.5 f/cm (below detector for three samples.

-hreshold). .%e accuracy of current measurement is The data in Table 3 indicate that freshly pre-

esot=ated to be z 5 percent. pared stainless steel surfaces can withstand a
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AJiLZ 2. TPICAL SwaIzSS Mr.,L RSU".S previoutly ben stressed; and (2) a sIntle ulse

will permanently degrade freshly prepered

SPt i.Y/ial 1A/m "' J/J - p~rks surfaces. Surface finish had a second order

04 .3 .. *05,4* s o effect; the onset of first pulse current was

207 1.9s Ud PI, delayed slight wn alumi ws highly
- polished. Mighly polished atuinlasa stool was rot124 0.940

90 U64 245 I.4 tested; reports from similar eaperimoents at te

It It? 3. 0.01 *feh* s aval osdarch laboratory had previously shown that
batege 7

Is 93 301 Inl O.Ma little we changed by polishing. late-time sue-

94 44 .S 4# ad taining currents, as reported by F1ltorn, 4 were not

delay observed.

Coated surface Results

st5nle pulse of % .00 kV/cm, but will eai. current several coatings were tested: Aluninuej &nod-
at %he full space-chaste-limited value thereafter ulI-zng,0 spray pain'n! epo.XyJ p.-IO0 (load-

*alu-inum behaved similarly). Moreover, all zi to-etitat.) and high vapor-pressure

saples (both netals) tested shoved significant silicon oil. Aluminm wes the only type of

emission during the second pulse, of the first substrate used. Anodized alea were prepared by

st, usually % 5-10 kt~he Vaiser Aluminum Center for Technology,

There is also evidence that virgin surfaces Pleasanton California. Slow cooling was used to

can withstand higher fields for brief times. on retard crating, and anodizing thickness was held

shot 94 a fresh sample was initially subjected to costant to a 0#0001-inch. overall quality Of

344 kV/cm. The resultant 10 kA peak current repre- anodized samples was excellent.

sented approximately one-half the space-charge- .he electron emission characteristics of the

limted maximum, but current onset wee delayed: it coated surfaces differed significantly from those

occurred - 40 ns later than on shot 93 for which a of bare metals. Some coatings -'ire often able to

previously stressed sample we used (see Figure 3). cpletely suppress emission f£r several pulses

(rather than just one) as the field was ra sed from
,ftiS4 SAWL (

' 1' ST,4~ % the , 200 kV/cm initial value to values as high as

30"-00 kV/cm. Also, once emission did take places

some cc €tingl continued to be partially effective

* -swu . because they kept emitted current levels below the

ATAX ,tspece-charge-limited maximum (rather than equal to

U c , ' it). Degradation of coatings did occur, but its

; '.: , occurrence was gradual.

0 :0 .0o 400 W Qmpletel emission suppression (i.e., where

SFigure 3 Current onset delay of fresh the emitted current level was below the detector

stainless steel sample. threshold, J < 3 A/cm2 ) is shown in Figure 4.

Shots 63, 64, and 65 subjected the sample (which

The basic conclusions drawn from bare metal had a O.O014-inch-thick anodized layer over a 32

studies are that: (1) fields of between 200 and finish machined surface) to 230 kV/cm, 23S W/c'lc

300 kV/cm are sufficient to cause full space-charge and 310 kV/cm with minimal emission. 'ereafter,

1 letraed electron current to be emitted from either current densities ranged fron 5 ;./cn2 at,.' 250

&l=in= or stainless steel surfaces which have k2/- (J/.7. -0.02) to 450 A/ 2 e. 500 kV/c

'The 225-W produced a train of multiple pulses (JzJc f 0.55). The shaded area is called the
separated by ^ 75 ns for this experiment be- "pre-threshold" region for this discussion.
cause of the high impedance presented by the
load. -,he gradual dearaiation of anodized aluminum
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" samples. The thicker asodlsin1 layer (0.003 inch)

saeems slightly more effective In supressin, eie-

sLon because J/J.C Is ' 20 percent lower on average

than the thinner sample, but the diffetence is too

f' 7 "m- to be considered significant. .he effset of

substrate finish is more striiny (Flwo 34). *A

~ Volvo of J/.7c at a given value of field Vag

40 percet lower for the *a"le which had been

Sprepared by usin successively tier grit polishing

on a 32 machine finish until optical quality

-. ,Iar reflection was obtained before the 0.003-
r-ure 4 Shot record for anodizid sample. a anodiuing .syer ws added.

t ime provemnt ade by polishing the sub-

strata was not expected. hicropsujections should

be shielded by the high dielectric constant anodia-
Ing. making substrato finish less importaot. But

the improvement ws impreosiveg the sample with-

S.L stod five pulses of between 20 kV/rn end

320 kV/cn in the pro-throshold retions then eaitted

' m~a maximum of 15 percent space-charge limited

=j current ( a/3L - 0.15) at a - 0.57 My/cn. Fauls,

however, are not conclusive because only one such
1 *ample Wn tasted.

"rst other coated samplos behaved similarly to
5A Sb

Figire S(a. b) Comparison of anodized the anodixed onesl some, however, were better than

aluminum samples, others. All coated samples had amoe low emission

&Md the partial suppression it exhibits is shown pro-threshold reglon if initial stress was - 200

graphically In the comparison *stress histary' kv/rn, and all suffered permanent degradation once

plots of Figure S. *Up-and-down" scan data such as significant electron current had been emitted. in

th ose of Figure 4 (the 0.0014 inch date of Sb are the pro-threshold region. electron emission from

.he same data as Figure 4) me plotted by connect- some aluinum samples wes an effectively suppressed

Lnrg ucceusive data points with lines to shov the by spray paints as by anodizing. 1 one example, a

influence of the testing method. -he shape of such 32 finish machined surface covered with y xlon Flat

plots depends upon both the rate at which field is White No. 1052 (red. Color Std. 595 t1o. 37875) did

i€ncreased for successive shots, and the pro- not emit above 3 A/cm 2 for nine shotsI the average

threshold stress of the sample (only post-threshold field was 304 ky/a. * 20 percent, and the maximum

data are plotted). When pro-threshold stress pro-threshold stress was 401 kY/c. A simple

Includes several pulses between 200 and 250 ky/cm, silicon oil coating (Dow-CornLrg 0704) was suf-

j/OLC tends to increase more rapidly as I is raised ficient to keep J/,TC 1 0.16 for fields as high as
%!-An if I t 250 kV/c is used for initial pulses. 0.4 Y/cm, if it were reapplied to a bead-blasted

The solid cures of Figure S are examples otf the aluminum surface after each shot. All solid coat-

'iffect. Data at the right (5b) included 5 pro- ings were observed to suffer localized damage *iery

threshold shots between 200 kV/cm and 260 "V/cmi at similar to that described by Jedynak5 in his dc

the left (Sa) initial stress was >. 260 kV/c, experiments with epoxy.

The comparison of anodizing thicknesses Discussion of laIults

(Figure 5b) h)owed litt., difference between it is believed' 10 that large currents are
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et.ted from cold, bare metals by a proces known been observ*, 1 1 1  but further investigaLton in

of exploslve *assion. In t)ls proces, electrons needed to quantify its Influence on the results

are first field-ewitted from aicro-projections obtained here.

*whiskers) when the electric field at the tips of

vhIskeos exceeds about 107 V/cm. 'he resultant Acknowledleyents

!!eld emission current then explodes these aicro- T
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priections by fast resistive heoting to create provided valuable gidance and technical input, :,

local plasNs called cathwdk flares. Current in aLth for imany illuinatnq discussLons, 0.

t he vicinity of the individual flares is limited by Pellinen for his help with dla ymatlcsp and L.

space chare. so the total current emitted fo aradley and L. SchlItt, who made the experiment

surfaces like those used In the experiment des- puuibl.

cribed here would be determined by the fraction of

t.he surface area covered by plais from the Nforefles

flares. I flares expand at the postulated rate of I. Por a review of early work met 0. Alpert.

106 cA/s. 0 the 50 ca2 surface area would require D. A. lat. M. L)man# and m. r. Teoaschke,
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.lton's observations4 of cathode conditioning, but 6. 1. D ith, P. DA. Chaapney, and

tends to support the idea that Ri roprojections are J. Creedon, Proceedinge lat international IEEE

formed by the action of pondersotive forces on Pulsed Power COnferenceo X[CI-1 (1976).

metal in the liquid phase near explosion sites. 7. D. Cntoo private cowunication.

ne coated sample results tend to support the 8. L. Jedynak, J. Appl. Phys., 35, 1727

Idaa that mission can be suppressed if micro- (1964)

projections are buried In a dielectric that reduces . o A. heyts, Proceedings VI Inter-

local fields and prevents free electrons from being national Symposium on Discharges and

emitted into the vacuum. mowever, the fact that Electrical insulation in Vcum, p. 21

strong emission still takes place at fields of 300- (July 1974).

500 kY/cm, and that observable damage to coatings 10. S. P. ugatv, E. A. Ltvinov, G.

results, indicates that coatings fail locally as a A. Mesyats, and D. 7. Proskurovskii, Sov.

result of bulk breakdown, leading to explosive Phys.-Usp., 18, o. 1 (1975).
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stressed. The bulk breakdown may be caused by iA- 12. R. Anderson, private comwnlcation.
perfection in coatings, or by field increases

caused by direct emission from the dielectric sur-

face at the vacuum interface. Such emission has

0
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5.1

INVESTIGATOX L"& ThCCD]Z!?C LZCiMMICN UIT! A PULSED LASEX

CMAILES W. SC!MJSUIM, JR., CA. and JAC 1. LIMIT

L:SAF 1.ZCIT DT4MI.CS LAlOMRA 10T, A.SPNII1C M=c£ CI7T KMAZ, S C2OU?

Abitract a localied breakdown, or fre electron cascade, In
Thaoretcal ani experimental considerations for a region of a cloud co taing a high electric field.
the triliering of lightning with a high-power
pulsed laser are diacusser. The mechanisms of The cascade Is thrast from the cloud in the foru of
laser-LIduced clean air breakdown, aerosol break- a stepped leader which eave towerd the ground in
down, and channel heating over a long path for
.he purpose of initiating and possibly guiding steps apptoxiJetely SO ete lore, with paues
l|htni .n are reviewed. It is shown that long between steps of about 50 microseconds. As the
path (of the order of one kilometer) ionization leader reaches the near vicinity of the ground, it
through laser-Lnduced clean air breakdown is
cheoretically possible. Channel heating over a is met by a highly luminous, high-velocity return
long path appears possible, but requires prc- stroke, which is the component of lightning actually
hLbiciva energies. Indications are that long
path Ioni:ation cas be enhanced by taking adva-- seen with the naed eye. The return stroLa goes up
tae of :he significantly reduced power require- the channel. progressively drawing charge deposited
3ants for aerosol breakdown. The M. galdy,
'tev exico, experimental tet ite for 1471-l97 by :he stepped leader and enters the cloud. After
experiments and triggering attempts is briefly
descrYbed. a pause of gerally less than 100 mleconds, a
Incoduction dart Leader-e segment of lightning about 50 "eters

In early 1978, the Air Force Flight Dynamics long-mey proceed down tn original path. andLaboratorly and the Air Force Fean Laboracory initiate another return stroke. The process may

Initiated a Joint two-year program to attempt to repeat cv. to twent7 times to produce a single
t:riger lightning with a laser beam. In the year lightning flash, whose total duration may be of .he

and a half since then, a Laser-Triggered Light- order of one second. (Ref 1).
ning Exper =ent (LTLE) test station ,has been A theory explaining all aspects of this sequence of

assembled. Trigger-ig attempts using this station events has yet to erte. Least understood, perhaps,

vill begln in the next few weeks. is the breakdown process which begins the sequence.

Zu:In :he course of the LTLE program, we have Ana specifically unknown Is the set of conditions
erned, If nothng else, chat heoret-cal co- hich must exist within a cloud before an initial

sideracions for triggering lightning with a laser electron cascade can begin. Many parameters are

es are fraught with unknowns. A review of som In-olved In establishing a suitable total environment

ji chose considerations Is presented In this paper. favorable for an electron cascade, and may Include

The review begi s with a look ac the lightning any or all of the following:

prodsss Itaelf, and the posited criteria for a. Electric field intensity
b. Electric field temporal variation

t:i;erLng lightning with a laser beam. Laser c. Electric field spatial divergence
eff.ecs are then sumrized and cnapared, where d. Cloud-to-round polarity

e. ter droplet concentration
possible, to :he triggering cr teria. A description f. Water droplet size distribution

of he test station to be used in the actual S. '.ater droplee rate of motion
h. 'ater droplet spatial distributiont.-I;gerLng ac:empcs concludes :he pcpar. I. Free electron concentration

The Lightnint ?Jocvss Free electron spatial distribution
k. onic concentration

It .s generally belle.ed zhat a scrike beglns with 1. Ionic spatial distribution
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0. Ionic sptcIt type parametera uhich, were listed earlier.
o. Ioricurat oanoion To establish criteria for triggering by Using the
p. Uaticulate spatial distribution earth-t*-cloud Ionized path method, natural

*q. Particulate size distribution lightning data can be msed. Since a szerped leader
:. Particulate specie type
X. Particulate rate of. motion is sufficiently conductive to maintain subsequent

z.Ice crystal co.cntration lightning components, a Iasonizerte
u. Zce crystal size and shape distribution
v, Ice crystal spatial distribution column with similar characteristics should be able
W. Ica crystal rate of mtion todshTV lu.XecrndniisVti
x. Temperature c.gacod Eltrndntes ihna
Y. 1lelative huiiylightning stepped leader are not known with certainty
Z. Atmospheric pressure but have been estimated as being about 10' cc to 
It is generally assumed4 chat the electric field electrons per cubic centimeter. 1a i., 2). The
Intensitv is the predominant factor in natural time required !or a stopped leader to go from the
lightning initiation. HIowever, other factors tuld cloud to the #round is about 10O2 seconsia, and the
be of equal Importance. Of particular significance, time required for a recurn stroke to go from the
utw feel, are parameters Involving relatively rapid &round to the cloud over the stepped leade: path Is
than;* over tine, such as ct mtion of water approximately l0-5 seconda. Consequently, If
droplets, Ions, ice crystals and parciculates; and lightning can be triggered by generating an artifi-
temporal variations in t11- electric field. The cial lightning component with a laser the criteria
single most imrportant changing parameter is for th triggering would be 10 9 to 10 10 electrons

* difficult to identify and my vary from discharge. per cubic centimeter in a channel about I kilometer
Thus. in one case, a bulk motion of charge carriers long, with a persistence tim of approximately
nay Initiate a cascade by permitting the electric l065 to 10O2 seconds.
field intensity in sove locality co build to the The results of spark gap experiments performed by
air brepkdown threshold level. In another cast, Koopan and Saum can be used to estimate upper limit
the electric field may remain constants with cviteria for triggering lightning using the rarefield
threshold conditions veached because of a chancing channel method. Koopests and Saum found in 1972 that.
discributin of wind-blown water droplato within a sparks could be guided from oak highly charged
local region of a cloud. Conditioins which exist electrode to another by heating a path between the
in active thundersco rue are not well known, and electrodes with a laser beam (lef 3). According
the Initial phase of the lightning discharge is totercmuain.teardniyalong the

*not well understood. Consequently, a numerical beam was reduced to about (AX ambient value for the
estimate of the degree, speed and spatial extent triggeringa.
of parameter change within a cloud uhich is Criteria for triggering lightning by ionizing a
required for the initiation of natural lightning local region inp~r near a thundjrcloud cannot, at
cannot be made. this point in time, be established. Too little is

* rterins Criteria known about natural lightning initiation to
The triggering of lightning with a laser beass -4y ascertain the type and extent of disturbance which
be accomplished by at least three approaches: would be needed for an artificial triggering.
(1) by generating an ionized path over the entire Laser Effects
earth-co-ground distance. (2) by producing a To determine the likelihood of criotgering lightning

ra~aiedcolmn f ai frm te $oundcc clud. with a laser, it Is necessary to first examine the
0or (3) by heatting and Ionizing some local region effects of a laser beam in the atmosphere. A

near or within a cloud. In the first and second sufficiently Incense laser beam can produce three
approaches, the ain is to short-circuit the cloud effects of interest: (1) thermal hoating, (2) clean
charge to the ground, either by providing a air breakdowns and (3) aerosol (particulate) break-
partially-conduct4  *$ or by lowering the earth- down. All three affects will occur simultaneously
co-cloud dielectric constant. in the third approach, if the laser beam is extremely intense. However,
the hope is toa upset the electrical balance within specific affects may be emphasized by a careful

a clud y aterng ne .- mre f te evirn-etal selection of laser bear. and optical parameters.



Therol RertnsAct beyond the capability of lasers currently
The. effect o! primary LAtere49LthnA h4tA 4 vailable.
by a laser bean is the rarefaction, via tlermal -Argi ra"
expansion. of air along the bas channel. The Aerosol breeldown Ocur As the result of the
mechanical 44 yi requie to t r the dsly h4tA1A6 VAPOIjtt" on f parttilate matter
of air alocS a colum of length z anod radius r !J th arM#Pboro. The laser flux~ required to
to A frSAtOon T~ At mbint Value ia, from Initiat Aeoo breabdown to depomadc uap"

z . 41 re -sal a ko w d rai s particle s1.2e0 but Can be as such As 100 times

1) 14118)0ee th.a the flux requited for cleaw air brek-
where Tl andr n I are the ambient air temerture dow.M. Aam anlytical endal for aerosol ,rmakio"
and density, aW k is the Soltapma constat. Over a long path has got yet been developed.
Cling A typical value fo r kT1 I W for aIof MoweVer, smll scale laboratory 4e9erimnts per-
", x 1021 Joules "A4 2. X 10 19(am, respectively; form" a A Pact of the LTMt effort indicate that
the energy required to rarefy a colm of air a clana air breabdse nja cam be lengthened by
cae kilometer 1041 and ose coaintot It radius at least A factor of seVqa 4y intreduciag Patti-

to W~ ZAmbient value I* About 26.000 joule.. culates Late the bae Path. A"toe
Even a2roater laser esergie. would be required, eaemav uiomat Will be necessary to determias if
SLnce Only a fraCtioa of the mstlry from the a path of isMicarig CM be further *longated by
lacer is converted to tonael bating. Thus, optliizin focusing parameters.
the CrI$14XI~AR Of lightning With 4 1004 path ILaserIffecrs $'mg-
of laser-rerefied. air d4es not ap"ea to be a UpIgficaxt ideizatIO01 Or rarefactlon of air0
Viable approach. over the e"tire earth-to-clood distance appers
Clean Air Irtkdwn unlikely with the energylimd lasers available
Luser-Laduced clea air broakdota is a aos-limear today. Aerosol breakdown offers so"e proiso of
procasm in which laser-heated electroes undargo ionizarea path elongation, but further study of
a cascade of Ionizing collisions with atosm, the process is nede before toeclumlane can be
Walcs the laser flux intensity 4eeed a certain draw.
threshold level, which for the CO 2 lar is The generatio% of a limited disturbance In at
3X 1 l4c , various atomic loss processes near A thuMAeroud reMAS a Viable option for

vill Inhibit the cascade. Uhsa the threshold triggering, Att~qrs. A laser been can Change air
for cascade is reached. haiever, free electro teueratuce. air pressure, free electron distri-
densitits rise rapidly to *ear full first-stage- bution, iou distribution, electric field Intensity,
ionization levels. A detailed theoretical uater droplet concentration. particulate size
analysis of long path cleans air breakdown h,,s distribution, And its crystal concentration.all
been made in The Lasjer Ugont1 Swatm: A in times the order of microsecondso Whether
Feaibilitv jSLj by an author of this paper lightning can be triggered by A laser beam wil
(FAef 4). The Analysis indicates that electron depend on the effects Yet umloaovn, of rapidly 4
densities meectig or exceeding the critarion changing these parameters over A liit~ed spatial
fcr triggering lightning can be generated over range. Lightning has been triggered In the past
a path a kilometer or so in& length through the by relatively sall d18tUrbaoces-UIA~light
clean air breakdown mechanism. Hfowever. the aircraft, water plumes, and rockat-launched wires,
production of such a pathway would require laser so the outlook is not discouraging. 4
flux intensities on the order of gigavatts/cxz LTLE Test Stastion Description
(for Co 2 radiation), over a laser aperture tens A diagram of the test station to be used In the
of centimeters In radius. These requirements actual triggering attempts is shown in Figure 1.
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The lasers to be used are housed Sn a 35-foot heferences

expAndablt-side van which vill be deployed to 1. Uzan, M.A., Lithtning, .Iew York: IcGroa.-Hill

:he top of Mt. Baldy, near Soccorro, Nev Mexico. book Co., 1969.

The M:. laldy cast site was chotei privarily 2. Klingbell, X., an|s D,A. Tidman, "Theory and

because of the near-dally occurrence of thunder- Coepter ,Model of the Lightning Stepped Leader ,"

storms in the loal area during the sumsr Journal of Ceoo)vsIcal Research, 79:865-869,

=onth*. (February 20, 1974).
The primary laser to be used In the triggering 3. Sam, K.A. and D.. Koopman, "Discharges

attempts is a pulsed CO, unit with a design Guided by Laser-Induced as.rification Channels," The

output of 0O joules in a ant-to-tevo micro- Physics of Fluids, 15:2077-2079 ,vtobr, 1972).

seco nd pulse. The CO, be&* vil be supplemented A. The Laser Lithtning Rod Svs:ef: A Feasibility

with the output of a 15 joule Nd-Glass laser Studv, AMTDL-TR-78-60, Wright Patterson Air Force

having a pulse length of about 30nanosecods. iase: A SC, June, 1978.

The beans ill be foused by an on-axi Casse*-

grain telescope couprised of a 60 centimeter

dInecer copper-plated aluminum primry mirror.

And a 20-centicmter diameter secondary mirror,

both on adjustable mounts. Deflection of the bMa O m * UOM-

bea upward viii be accomplished by a 76-centime:er

dianeter copper-placed honeycomb titanium turn-

In% flat. A 60-foot alminuma trestle tower

adjacent to the beam path will serve as a car-

minus for any l'ghtnin; which may be triggered.

The optical system is designed for diffraction-
limited operation at distances ranging from t.ius--

100 to 1000 meters. Various focal ranges vwill

be employed during the course of the experiment.,wum*

Cbncrnl units, data storage equipment, and per- u m .

sonnet vll be housed in a separate van adjacent

to the laser van. Both vans are of sheet metal

construction and are grounded, providing Faraday- . ,

cage protection for personnel. Data acquisition .

equipment vill Include a current-sensing system

on ne iightninS strike tower, electric and

zagnetic field antennae, a motion picture camera

* and P videocassette system. Triggering attempts

will be made Dve a month and a half period Figure 1.

beginnic, In early July, 1979. LAI TRKW W UWTfW"G EXPERIMENT
MOI 5,TE rr-tUP
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LONG ARC SDULATED LIGHTNING ATTACIONE.' TESTING USI,. A 150 1V TES LA COIL

ROBERT K. GOLKA

Project Tesla, Wandover AF3, Utah 84083
In conjunction with Air Force Flight Dynamics Laboratory,

Wright-Patterson Air Force Base

Abstract
model.

Recent advances in direct 
lightning strike

testing have been in lightning attachment Background
test techniques and generator development
using a very large Tesla Coil (51 feet At the present time the lightning suscap-
wide). Breakthroughs in simulated light- tibility of aircraft is investigated using
ning attachment to small scale replica high voltage impulse generators. In a
aircraft models which can be adapted to typical test involving streamering, the
full si:e operational aircraft have been direct effects due to arcing are deter-
made in the past year. Nev high voltage mined by discharging the generator in a
long arc generator developments have suc- localized area of An aircraft in such a
ceeded in producing voltages in excess of manner that streammring is induced with-
15 million volts and arc lengths in excess out arc attachment to the aircraft. The
of 40 feet. The shortest path from the presence of streamering is indicative of a

discharge arc electrode to the model ex- possible ignition source for combustible
treaity using the long arc does not vapors. The procedure is repeated until
govern the attachment points to the test total aircraft coverage is attained. Long
specimen as it does when a short arc is arc attachment tests are conducted to
used to conduct simulated lightning verify the primary zones and to identify
testing. The system just described may secondary attachment zones. For these
also have application as an ultra-high tests the probe of a high voltage impulse
mega-volt source for particle beam generator is positioned to generate a long
'eaponry. arc that attaches to the test specimen.

The test is repeated a number of times with
the probe at different orientations with
respect to the test specimen to eliminate

Inrducion the possibility of biasing the attachment
point and to simulate lightning flaches

The purpose of the program was to evaluate approaching from various directions. This
.he Tesla Coil as a laboratory tool for is a time consuming procedure because of
lightnin$ effects research on aircraft. the set-up time and the charging time of
The ability of a Tesla Coil to generate impulse generators.
high voltage pulses at high rep rates re-
sults in the capability to crea:te artifi- In contrast to the existin; method, a Tesla
cial lightning-like streamering and long Coil streamering test requires one set-up
electrical discharge arcs and maker it a to identify the total streamering charac-
desiraole altern-,tive to the high voltage teristics of a test specimen. Also, the
impulse generators currently in use. high frequency nature of the Tesla Coil
Another characteristic of a Tesla Coil is can generate many long arcs, of somewhat
.hat many long arcs can be generated over random lengths and paths (reducing test
a very short time period. These Tesla set-up bias).
Coi! characteristics are highly desirable
in lightning effects research using full Attachment Evaluation
scale (e.g. an actual aircraft) test
specimens. The Advanced Design Composite Aircraft
The primary objective of the program was (ADCA) model used for the attachment evalu-

ation was designed and built by Grumman
to evaluate the Tesla Coil as a long arc Aerospace for the Advanced Composite
source for lightning attac ment studies. Structures ADP, Structural Mechanics Div;-
Secorlary objectives of the program were sion, Air Force Flight Dynamics Laboratory.
to investigate methods for measuring the Wcight-Patterson Air Force Base. Light-
output characteristics of the Tesla Coil ning attachment tests to the ADCA model
and rhe attacment characteristics of an were subcontracted to Ligh~ting Transient
Advanced Design Composite Aircraft (ADCA) Research institute (LTRI) initially. The
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Electromagnetic Hazards Group obtained Measurement of Tesla Coil Ch rscteristics
the model after the initial attachment
tests. The model was taken to Wendover, Some of the physicul characteristics of the
Utaai to the Associates 12 million volt Tesla Coil that were of interest were the
Tesla Facil.ity ,or further attachmant resonant requencies of the primary and
studies. An F-4 model was also taken and secondery circuits, the rise and decay
used as a preliminary test set-up model. times, comutation rate, and input current

and output current values. The Tesla Coil
The resla Coil test was conducted to eval.- circuit of Golka Associates is diarmaed
uate its use as u long arc source for in Figure I and its equivalent circuit is
attac-ent studies. Data was taken with presented in Figure 2.
the model !n three configurations and
vrious positions. Data was obtained for The current in the prLary circuit was
comparison to that obtained during LM! measured with a Pearson, mdeal 301 current
long arc attachment tests. monitoring transformer (CT). A typical

current measurement is depicted in the oz-
cillogram of Figure 3. The highest cur-
rent measured was 3240 amperes.

The output voltage was determined to aver-
age about 10 megavolts. Higher volt5es
have been observed on different occasions,
the highest being 25 megavolts. These
measurements were made with capacitor
divider techniquas. The rsetLme of the
output voltage was measured to be about
5 microseconds. The risati.me of the out-
put voltage is important to determinte po-
tential arc length. The risetime can
affect voltage needed to break down a
given air gap. 50 KC is thi rining fre-
quency of the secondary/extra coil. combin-

____"____.... .ation. 30 KC is the primury oscillatory
FIGUR 3: Typical P Circuit frequency, the primary and secondary fre-

: CretMary Uin quencies being pullted together somewhat
Current ?iasurement Usin due to high mutual coupling. This tech-

ert cal Scale: 1200 Amps/Dv. nique being used to.prevent ,Arculating
,oriontal Scale: 200 us/Div. currents bet-een primary and secondary

Input Circuit TESLA COIL

LAL-f L4~~ L31
50 IN e To Oscilloscope L"

Ll=Primary of Power
Transformer Cl=Rrimary Ciruit

L2:Secondary of Li=Secondary of Tesla Charging, Capactor
Power Transformer Coil System C2Distributed

L3:Primary of Tesla L5=Extra Coil of Capacitance of
Coil System Tesla Coil. System Extra Coil

FIGUME 2: Equivalent Circuit of Golka Associates Tesla Coil
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Various a-randemtrnts of models and full size aircraft along with electrode position-
in&~ and high Mjcharge reps titian rates (up to 4200 pulses per second) can now be
achieved at this fac jUty.

01

4:0
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Attachment Text
Golka TESLA Coil using TIESLA Coil
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HIGH-DINSITT Z- lXCH ?ULSE-PTZA SUPPLY ISYT

4. C. unnally, L. A. Jonea, and 3. Singer

Los Alamoe Scientific Laborator7
Los Alamo, NN 87545

Abstract
1he design and operation of the high-density Z-pinch

experiment pulse-power supply is discussed. A

600-k, 1--A, 75-hi Mrx bank is designed to charge
a i-n, 90-n-, water-insulated transmission line to I4

.0.6-l.0 . The water line is then disahargedLAW

throuh a s=11 laser-initiated current channel in -- c-- LrIS

1-5 at of hydrogen. The componts of the Marx

bank, the triuer system, the water line, and tbe

ias load as well as the control system that use"

fiber optics and air links for mnitor and co't"ol Fig. 1. Schematia of hI system.

are discussed.

tamning a constant channel radius for three filling
Introduction pressures are shown in Fig. 2. The gas load has an
the hgh-density Z-pinch (HDY?) experiment at Los inductance on the order o 100 nil. In order to

Alamos Scientlfic Laborator- has been constructed obtain the desired I at channel initiation of
to Investigate the plasm parameters o a laser- -0.5-1.0 x 101 A/s, the initial voltage across the

initiated current channel In a high-pressure gas. lad mest be -0.5-1.0 x 106 V. The maximum current
A 1-qY neodynium glass laser is used to initiate a required roam the power supply Is on the order of

conducting channel with a diameter radius on the 1 HA.

order ot 100-200 )w between two electrodes spaced

from 5 to 10 cm apart as shown in Fig. 1. The
pulse-power supply ideally mat produce a rapidly 0.8

increasing current and thus magnetic ftield to pre-

Vent expansion af the ohaically heated plasm.-R 0.-I
Simple models indicate that plasma with densitier 2 /
,in the order at 1020 co-3 can be heated to several
kiloolectron volts with this System. A prototype Z

System Was w 0.4- SWTHA/EK
system was constructed to develop hardware tor a c

larger experiment. This. paper discusses the m-n M C E
?.DZP syste. 0.2 SWITCH AT PEAK'

LINE VOLTAGE

Pulse-?ower Suopl Design 0
,he theoretical current wavetorms, determined f.ro. 0 0.2 0.4 0.6 0.8 1.0

a very simple odel. that are required for main- TIME (p*s)
*Work performed under the auspices o the US
Department of Energy. .ig. 2. HDZ? current uaveforms.



* 143

Several circuit configurations were evaluated andf

simulated using the WT7 2 circuit analysis code. A 2 RS C*F10W
sytmconsisting ot : uater-insulated, inwee.. R2 R2C Coo4I0k

daestorage !i*resonantly charged by a luw- R2@ I ka
inductance IrwschsnSthmotvsaieR3 a to k

system. The basic circuit for the 1=? system is R2 R2 R5 I kil

shown in Fig. 3. The system can be operated with a
wide range of current risetimes and current sampli-

%udes by laser initiating the current channel at RZ R3 c 2 0Lm~
various times during the resonant charge or the
water line. The water line provides the initial
high rate of current rise. The energy remining in PEAKING R

the 14a.x capacitance and the energy stored in the GP I R3R2

resonant-charging inductance provide gas load cur-

*rent at later times. TRIGGER R3
INPUTS

PS T CHARK
The IP water line was designed such that the in- VOLTAGE
pedance could be varied from 0.25 to 1.0 nl with a _HV

transit: time of 90 ns. The maximui line voltage and RA .c

load current are determined by the time of currentT

channel initilation, the Marx charge voltage, and the
water line impedance. The current waveforms pro- fig. 4. I=~? harx module schematic.
duced by Simulation of the RDZP System are also il-
lustrated in Fig. 2 with dashed lines.

0 Marx Bank -Desian
The HDZP Marx system was designed to have a minim.a

inductance, 0. operate at a nominal 500 kI output

voltage and to deliver 1-NA peak current. A-he min-

imum energy store of the Marx is determined by the ii
* maxiwm desired inductive load energy or about

50 WJ. In order to accommodate the maxima Marx
current and reduce the Marx inductance, 12, 6-stage
M'arx modules, each of which Stores 11-3 WJ at 500 kY
and provides a maximum fault current of 83.3 kA,
were paralleled. The individual Marx module circuit
diagram is shown in Fig. ii and pictured in Fig. 5.
Each Marx module Stag* Consists of two parallel

MARX SWITCHES LSRSWITCH

LM Fig. 5. Picture at Marx module.

LL 0.1 vF, 100-kVYMaxwll series S capacitors and one
=CM LLPhysics International T670 triggered spark gap.

Each capacitor has a maximm rated current at 50 kA,

Fig. 3. HDZP circuit schematic, and the spark gap has a maximu rated current of



1'" 0

100 kA. The capacitors were specified with 50% In order to ainimize the Jitter in erection of the

voltage reversal to accomodate a Marx output fault min Marx modules, the trigaer pulses provided by

and resulting 75S voltae reversal at 500-kV output the trigler Marx must have a risetime lts than

voltage. The Marx bank InducZaace at the output the desired scatter. The 12 cables that are

terinrals is 75 rH. However, the transition sation shrted by the trigger Marx state gap have a

between the ,Mrx V'avn and the water line increases characteristic impedance of about 36 n each or a

the total 3eres Inductance to about 250 all. parallel Impedance, Zp, or 3 Q. The trigger $arx

gap inductance, L 0, mst be such that L /Z is onOp
the Marx trigger 3ysten wan designed to eret all thA order of 5 as. This requires a trigger Marx gap

the Marx modules in a small fraction of the alnim with an inductance of about 15 to 20 nN, which oper-

voltage rise en the water transmission line or ate at 85- to 100-kY do and is easily trigerd.

withIr -20 as. The trigger circuit chosen i shwn The fInal design of the trigger Marx gap Is shown

in Fig. 6. his trigger Marx arrangement is in Fig. 7. An acrylic sheet Insulator is designed

a variation of trigger circuits suggested by Fitch1  to minimize tracking within the pp. The Sap oper-

and was selected because the trigger puls- of the atea at an SF6 pressure of about 60 psig for a

FArx module gaps can be controlled in amplitude, 100-hY charge.

rlseitme, and arrival tin very precisely. In

addition, each Marx module spark gap can be trig- ,- (LCTOOC

ered with a similar trigger i/e without loading
the Marx syste. The 2imultaneoU trigger pulses * L4SU$ATOC

are generated by shorting 12 coaxial cables - -

chargtd to a maximum of 100 Y with a spark gap

%hat also serVes 3s the trigger NarX stage gap.

MARX MODULE pw I I2 M4a

MARX TRIGGER SYSTEM T Fig. 7. Trigger Marx lo-inductance spark ap.

CHARGE RESISTORS he trigger Marx stage capacitors serve to bias the

NOT SHOWN T shorted cable trigger generstors at a potential

sailar to that of the main Mame and to Isolate the

I amin Marx stage voltage from grow. A 2-stage

TRIGGER MARX triger Marx that triggers only the first 2 stages
PEAKING of the 12 Marx modules Is used because initial tests

/PEAJ(ING ---.

GAPS i Indicated additional stages are unnecessary. The 0
TRIGGER coaxial trigger cable charge voltage is Isolated

from the main gap trigger electrodes by an "inside-

I out" trigatron peaking gap. The poaking gap shown

OUPUT in Fig. 8 also reduces the trigger pulse rLsetl2e

TRIGGR -R - T seen by the ain gap trigger electrode <7 nas ith a
0 Jitter spread of <2 na. The 2-stage trigger Marx

0- is initiated by an 8-stage ceramic capacitor micro-

Iu4arx generating a 200-kV pulse with rlsetixe of
<20 as and a jitter <2 ns. The micro-Marx Is shown

Fig. 6. HDZP tr.gger system schematic. in Fig. 9.



AIR INPUT zed nature of the lase'-initlated plasm channel

requires storing the pulse energy very close, phys-

-oalfy, to the center line of the pinch channel to

reduce the transition inductance. A disk transals-

sion line with radial Marx current teed would be the

optimum contiguratiaon, but building space limita-

- INTERMEDIATE Loos prevented using this dtslp',

ELECTROO

*E " The desIred characteristics of load eomtry at th,

end of the water transmission Ine are a minimm

Sinductance configuration, a un form electric field
IRRADIATIO( ; . ,distribution in the pinch region, and vIsIbilI't, and

ARC maximmi access for diagnostics. The present gs

* ~ load is shown in fig. 11.

The control system tor the NDP experiment is co.-

pletely Isolated using only fiber optic links or air

links for control or monitorIng system operation.
ELECTRODE The major types or links are illustrated In Fig. 12.

The power supply voltages, power supply currents,

AIR OUTPUT and capacitor bank voltages art onitored

Fig. 8. Triger system peaking pp. using the fiber optic link o Fig. 12a. A veltagt

divider or current mor.itor provides a voltagd from

*) 0-10 T to a voltage-to-froquncy converter that

modulates a LD from 10 iz to 10 k z. At the other

end of a fiber optic cable the light pulses are de-

tected and converted back to a voltage/current,

which operates a standard trip mter. Those tfuc-

tions that do not require precise time operation are

• Fig. 9. Triuer micro-Marx.

iG TOP VIEW T J

Transmission Line Deusin INPUT GOO"I OUTPUT

"he water-insulated transmission line system is PLATES V

shown in Fig. 10. A parallel-plate transmission

line was chosen over a coaxial transmission line for

0 two reasons. First, the impedance can be easily _

varied by changing the number and size o the par- -

allel plates. A largo water tank Was designed to SSio viEW
hold the transmission line leaving a large amount

of root tor line variations. Secondly, the local- Fig. 10. Watr-insulated transmission line.
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at %he desired time various dia4noatic lasers art volta of' 85 kV per atage to allow for various
initiated. The j-tter is erecting the 11arx to faul" 8odes, The INMP pulse-pOwer supply *yates In
charge the transiestoI iAe is -10 na. Th, water- illuatated In Fig. 15.

* Insulated transmission line uses aelr-break water

"Ltches to Ocrowbro the M-arx bank and reduce the e,' e
Nlam- capacitor reversal. Th system has been tested

- k, Fitch# *Wrx and Parx-Like High-VoeL~le
t.o a charge v o ae 4 of' 100 kV per Sta gte , alth oug 0, mer ters," rh m el Labs, In c., I MX ?'re .

the Harx 3ystem wa deS1VWd to operate at A charge 00 Mud. Sal. .S-li, (lg7i).

7•iL ' I
LIMA J u A Wt

Fig. It. .'IMP %ising System.

0I

Fig. 15. Illustration or wzp pulse-pever supply
system.
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5.4

In DESIGS OF SOLLz40IDS FOA HIGH Z MQiiCx MC ILDS

F. lseveki

Institute of ?hysics
Polish Acadeay of Sciences
VJrsas, AL. Localkow ?otAND

Abscract

.A'netic fields of high Intensity are usually jea-

traced by the pulsed discharge of capacitor banks

through solenoids. In order to generate the high-
asc fields, exploding coils or field compression

techniques are used. Howver, for *xperimunts it

-s essencal chat the coil vithetand the electro-

dynamical. forces. This is achieied by emloying

coils in hlc the stress exerced by thi current

density and the antic field does not exceed the

strength of the waceriul used co build the coil.

The current densi-y In these coils depends an the

distance (rou the center, the external dimensions,

Ohe coil nacerial, and the :,eperature. Todecrease
:he electrical resistivity of the material the coles

are cooled to liquid, nitrogen temperature. The

conversion rate of electrostatic energy to magnetic

field energy is much smaller than in standard coils

uith unifaoi current density or in Bit:er colls.

To feed a coil jenerating a field vith incensityof

600 kC requires high energy capacitor banks (in

the ran%* of 0.5.J). Vhe details of stress calcu-

lacons and currenc distribution in larte zolenoids

are presenced in the paper. Also presented are the

details of experinents on the durablitly of sole-

noids in external manecic field. The experiments
,nd calculations are used to build a coil producing

a high magnecic field.
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ANALYSIS OF A PISTRIT=D PUSE POWER SYSTEM USING A
Cx1CUz; A NAL YSIS CODE

LOTHAR 0. HOEFT

AIR FORCE WEAPONS LAIORATOY, XIrTLJJD AFP, NM 87117 AND
nT IMe CORJ0MATI0)X, AIUQUERQUE, N1M 37106

4hbLaCu.. analysis codes such as SCYPTRE, NET-I!, etc..

the pulse power system designer has a new and
A sophisticated computer code (SCEPTRE), powerful analysis tool for predicting the per-

use, t6 Jnalyze electronic circuits, was used to formancte of pulse power devices. Conceptually,

evaluate the performance of a large flash X-ray the pulse power system is modelled with lumped
machine. This device was considered to be a parameter transmission line sections in which
transmission line whose impedance varied with the time delay per section is small compared to
position. This distributed system was modeled the time constant of interest in the system.

by lumped parameter sections with time constants This concept implies that the pulse powfir system
of I ns. The model was used to interpret vol- can be represented by a one-dimensional struc-

tage, current, and radiation measurements in ture; that is, effects due to a change in direc-
terms of diode performance. The effects of tube tion of the electromaonetic wave are ignored.
impedance, diode model, switch behavior, and This paper presents the methodology used to
potential geometric modifications were deter- construct such a model for a large DC-charged,
mined. The principal conclusions were that, flash x-ray machine, The use of this model to
since radiation output depends strongly on Interpret measured waveforms and evaluate pos-

voltage, diode impedance was much more important sible modifications is described. Finally, the
than the other parameters, and the charge vol- principal conclusions reached by this analysis

tage must be accurately known. are presented.

INTRODUCTION MODEL DEVELOPMNT

The prediction of overall performance of Figure I shows a cross-sectionsl view of
complex pulse power devices is required for the flash x-ray machine. The energy is stored
achieving optimum design, identifying problems in a 33-foot long high pressure gas insulated
that arise during operation, and for evaluating transmission line ( Zo z 42 ohms). T.i.s line or
proposed modifications. Rather simple analysis coaxial capacitor is charged to approximately 10

techniques may be used if the transit times ui legavolts by a van de Graaff generator. A 2-foot
the structure are small compared to the rise r-
time or pulse length. However, in most cases, P"UUn0 etamE UIIA1oA 0o4

the rise time/pulse length is comparable to the -1a
transit time of the structure and/or its dis- oo umaCKV

contindities. Such systems have been treated as

a series of transmission lines with capacitances R FLAT

added at the discontinuties. Such techniques
are tedious and lack credibility if the struc- Figure 1. Crossection of Flash

ture is complex. With the advent of network X-Ray Machine
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spack gap is used to switch tht energy into tr This physical model was transformed into a

field tmission diode via a graded loaulAto, network model by identifying each node with a

which separates the vacuum and high-pressure number and specifying the location of each

regions. The diode is located at the end of a circuit element by pairs of node nimbers.

S-foot long vacuum transmission line. Figure 2 Voltages or currents are defined as occurring 0
presents the impedance of this system as a ac:oss a circuit element. One of the advantages
functiccn of distance alon its axis. of using this type of code is that diagnostic

m 0M measurements can be specified at places chat are

emuq normally inaccessible for physical measurements

but which are important for understanding the
operation of the system. For example, the

" w voltage across the field emission diode can be

specified in the code whereas the actual voltage
1e -- measurement must be made some distance away

because of physical limitations.

The SCEPTUr code has a feature that allows 0
simple functions to be calculated as the network

, , is being analyzed. In this case, the instan-
-- m w taneous diode power, total energy, and radiation

Figure 2. Impedanct as a Function production were calculated. Radiation produc-
of Distance Along flask -
X-RAY ace A n tion was calculated using the olowing equa-

tion2.

Impedsnce is calculated at each foot or I-

nanosecond segment using the formula ZIWO lnb/a Dose Rate a D z 1.09 x 103 V2 '711 (R/stc @ 1 .)
uhere b refers to the outer, ad radii V z Diode Voltage in Ziegavolts

and iner rI Diode Current in Amperes
of the line. The charging colu is ignored in

the analysis since It is highly resistive. The This dose rate was then Integrated to give

swtch area is not modelled as a transmission a number that could be compared with measure-
lne because it is only feet long, which is meants made using thermal luminescent dosimeters
small compared to the expected rise time. Each (TLD's). Since most of the data on the machine

!-nanosecond section of the system was modelled was in the form of TLD measurements, this capa-
by a low-pass constant K, T-section as shown in bility was extremely useful in comparing the

fgure 3. The switch was modelled by a series- results of the code with the machine perfor-

connected inductance and resistance. At time
manc.

ero the voltages on all capacitances associated A number of alternative models far the

Lth the coaxial capacitor were set to 10 mega- field emission diode were used. The simplest

volts and the voltages on all other capacitors was a resistor that represented the tube impe-a arersoreh sepesttd 
heoue 

0. 
e

were set to 0. dance. More complex diode models included

Lo Upi L% WI several models from the SCEPTRE code as well as
aao- e s 02,2 .. a 0 ..... a space-charted limited diode representation.

SCI the latter case, the current is given by

T T 1 where K is the perveance.

RESULTS

T, 41C L I IZ

Figure 3. Lumped Parameter
1epresentation of Figure 4 shows the waveforms at tour diE-
Transmission Line ferent points along the cathode shank. The
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the diode current which, in this case, is a

nonlinear function of the voltage as described

cm above. Figure 5b shows the instantaneous diode

impedance as a function of tint. Note that the
* impedance is relatively constant during the main

portion of the pulse. Diode power and dose rate

are shown in figure 5c and 5d.

The initial calculations performed using

this model resulted in waveforms that were

. similar to those measured on the flash x-ray

100 V 4oo machine but predicted radiation doses that were
.JJ three to four tines higher than those measured

and, in fact, were close to the design values.

i-s Therefore, a set of parametric calculations was
=a W INGperformed to investigate the effects of varying

SFigure 4. Voltage Waveforms switch parameters, tube impedance, and geometric
Along Cathode Shank modifications. The switch resistance was varied

fUrst waveform (V CIO1) is at the switch elec, between 0.1 and 10 ohms and the switch induc-

trode. The second waveform is the voltage that ance was varied between 500 and 1000 nano-

would be present on the cathode shank as it. henry's. The integrated dose did not change

* enters the vacuum transmission line. The third significantly. Consequently, poor switch per-

waveform Is the voltage that would be assured formance was not. considered to be the problem.

by the capacitivg probe located in the trans- Next the tube impedance was varied from 25 to

mission line. The final waveform is the voltage 200 ohms and the impedance of the stub or vacuum

across the field emission diode which is modeled transmission line was varied between 35.6 and

* in this case by a space-charge limited diode. 160.4 ohms, corresponding to cathode shank

The ringing associated with a large impedance diamters between 16 and 2 inches. Figure 6

mismatch at the switch electrode can be seen in shows the effect of the tube impedance and stub

the first waveform. This is progressively transmission line impedance on the dose at one

attenuated as the wave travels to the diode. meter. The dose versus impedance curves for 4,

Figure 5 shows some of the other waveforms 6, 8, and 12-inch diameter cathode shanks are

associated with the simulation. Figure Sa shows evenly spaced between the curves for 2 and

16-inch shanks. Not all of the points on the

curve are physically realizeable. Studies at

c d
, ~ ._ i b:.- ,,"

4 as In 1I"

Figure 5. Waveforms Associated sfVI tZ

With Flash X-Ray Machine Figure 6. Effect of Diode and
Simulation Stub Impedance on Dose
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Sandia Liboratories have shown that the diode

impedsnce is approximately one-half of the stub 
"W_

ixpedance. The circles shown on figure 6 are UM 3 O OW

the points where the diode impedance Is half the

stub impedance. In an effort to experimentally I 04mA

optimi:e performance, cathode shanks that con-

taried sections of different diameters were

tried. In fact, one of the highest mtasured

soses used a 3.5-inch diameter shank with a _

JO-inch long I-inch diater section in the diode m Ieg0

region. Such configurations Would combine the

positive advantages of the low impedance stub Figure 7. Effect of Geometry
-ith those of the high impedance diode. Figure on the Variation of

6 demonstrates that the possible improvemet in Deem Vith Impedance

dose is much greater for variations in diode radiation output is proportional to V2.71, a 25 0
impeda3ce than for variations in stub impedance. to 30% decrease in charge voltage rduces the

The effect of stub and tube impedances was radiation output by a factor of 3 or A. Sub-

also calculated using the space-charge limited sequent to this analysis, experimental electron

diode model. These calculations essentially beam studies confirmed that such errors probably

confirmed the earlier ones using the constant existed.

resistance diode model but are more difficult to

tnterpret because of a lack of intuitive under- CONCLUSIONS

standing of the concept of perveance. This study has demnstrated that a network

Several Modifications to the geometry of analysis code like SCEPTRE can be a very useful

the flash x-ray machine were proposed in order tool for gaining an understanding of a complex

.o avoid reflections in the region surrounding pulse power device such as a large flash x-ray

the graded insulator. The impedance changes for machine. The effects of the stub impedance,
these modifications were shown in figure 2. As switch behavior, and geometric modifications

the flash x-ray machine was originally built, were of relatively minor importance compared to

the impedance could be as high as 175 ohms at the diode impedance. Since the radiation output

the base of the cathode shank. The use of a depends on the fourth power of the diode vol-
cone on the cathode shank in combination with 3 tage, diode impedance is such more important

net: tank liner could reduce the maximum impe- than other parameters. The major discrepancy
lance to about 100 ohms which is close to opti- between the measured and predicted results could

zun. The effect of these modifications is shown be explained by a 25 to 30% error in the charge

.n figure 7 where the dose is plotted versus voltage calibration.

tuve impedance for the four configurations.

.nspection of the waveforms indicated that these REFERENCES

modifications reduced the ringing considerably 1. Ion Physics Corporation, "Development of an
Advanced Flash X-Ray System," Report AFAL-

but the total dose was not significantly TR-76-114, October 1976.

hanged. 2. J. Creedon, C. Ford, D. Hartin, S. Putnam,

The analysis Oescribed 3bove could not and D. Sloan, "Advanced X-Ray rube Develop-
4ent"fy 3 reason for the factor of 3 or 4 met," Report AFJ-TR-65-oa, January 1966.

*4eC:e~se in radiation output in this flash x-ray 3. H. Martin, "Design and Performance of the

machiine. One explanation for the low output is Sandia Laboratories HE.R!lES II Flash X-Ray
Machine," in IEEE Trans. on Nuc. Sci., Vol

that the charge voltage is low. If the diode NS-!6, No. 3, p. 59, June 1969.
current Ls proportional to voltages, and the
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LL£'.IATT.N OF LII.? VOLTACE IN SL .- MA C ICALLY 13SVLAUTD no S

C. V. WINfD , JR, J. 1. VAMMIMER, and G. V. KUS"A

Sandia Laboratories, Albuquerque, NM 171a5

Abs.rac:.

Resistive and capacitive voltage monitors for self--- . 5 1

magnetically insulated lines have been found to be

---satisfactory. However, it is knowm that the

bound&-.) current II and total current IT are related 0.0

to lint volte: % and the total and boundary

current can be used to infer the voltage.
1 ' 3

In this presentation we show relationships betveen
V, L and I which are fairly ineensitive to the 2u 2'L .c

canonical ,mn ttn distribution of flowing electrons. Ut

Using these relations we conclude that the voltage IC C CJ rerS Q5 I LhI WCt'.

can be calculated from IT and II with moderate rk. AMM CurrW9 IUM W'W

accuracy with no knowledge about the particular

flow involved, and quite accuratel7 if only two,

experimentally determined parameters are known. if-,To1 C X t(1 o" oar Ciarr)

The inftrred voltage waveforms will be compared to Figure 1 Ceometry, and term definition In magna-

experimental voltage data. tically insulated flow.

It has been found experimentally that voltage moni- a spread in canonical momentum is introduced by r. h

cars placed across magnetically insulated flows lead feed transition. It is found in reference 1 anei tn

to appreciable losses due to disruption of electron subsequent calculations that the thickness parr-

flow and to problems with surface flashover of the meter is given by

monitor Itself. It is readily proven that the elec-

tric field at the anode is related to the anode and C"

cathode currents (Fig. 1), and not directly to line X2 C

voltage. However, there is some relationship

between anode current, cathode current and line where A is at most slowly dependent upon 0.* In
1

voltage, and we wish to show here that line voltage addition it was found that

can be calculated from these.

Figure 1 shows a schematic of the flow and the IA

expressions which will be used in the calculations. IC 1

The subscripts A, S, and C refer to :he anode, the

edge of :he current sheet and the cathode respect- where 3 is also at most slowly dependent upon ts"

ively. The current in the electron flow plus the Pressure balance (since there is no flow of parcl-

current in the cathode Ic, add up to that in the cles to anode or cathode) demands that

anode, IA. In reference 1 It is assumed that
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uhert e have assumed Ec - 0 (1..., space charge
1L:iited tlectron flow). tcing this in our tsalt-

4sa "orm And using the rlationhlp

2 4

~~~k s a Wro

In %ncl*$s fern:

)s - xs) (.6

Figure I The parameter A(-,) - xf(*,)Iv'sI for

All of this can be combLud %o yield laminar (nT), quami-lminar and flows
Vith several mosmatum spreads.

rT~ ~ ~ rtiam by measuring line currents, ad voltaIies In &a
X\ - X A)- .+ .--- L - A 1 ] experiment deLped for chat purpoes. For typical

parameters of IT/I - 2, a choice of A a I give

C 12% uncertainty 1 4A for 0.1 < A < 1.2.

- FLgure 3 show 3(40) for the sme flows an Fig. 2.
" \T -1 " -S-i- I. - AN 2 I + I Clearly even a smell moeatum spread of 0.1 mc

causes I to be appreciably different fro& 1. A

1omttarioeal model which is being used 6 to LnvevtL-

- -,late feed transitions find very small ometum
1.9 £spreads (a 10-6 mc). on the octher hand, If the

E-field lines are circular segments normel to the
where a, re the exper mentally measured tocal c:3 elettrodes ac ech and, out vould expect =nac,-

4nd boundary currents, and l is the geometric line spreads on the order of mc for typical feed traunL-
factor. tions. Tho fact Is, at present we do not know how

"e no-j need :o kmov A and 3 to e able to get )A large the spread is. However, there is a fortuitous
from the line currents. Figure 2 shows the values situation which allows us to calculate voltage with
a! A versus s for la-inar or parapocencial (Pr.) sufficient accuracy. The expression for "A consists

f.ow, .or quasi-laminar flow1 ((-L), and for of tvo pacts. The fIrst par: is independent of
several momentum ipreads using rectangular momentum i (and A). For typical parameters (say 1T/13 a 2,
distribution func:Ions extending from zero canonical XA - 3) the first :eram has the value of 5.2. For
=moentu= to -fl 4 n units of =.C. These ware calculated 3 - 1, the second term is -1.15, for 3 - 1/2.1:
by -ate ncaods of reference 1, and the parabolic Is -1.1.6, and for 3 - 1/3 it is -1.24. This, ut
discribucions used -n chat paper 3Lvfj similar curves expect ^4 101 accuracy if 'a usa 3 - 1, which we shall

for A(O ). Z.- would be possible :o =easure the with the forthcoming data.

wo-entu- liscri.bucions 5 and decrzine A(3 ) or pos- Figures 4a and ',b show data from the .fITE system ac
sibl, to iind a suLcable A(O3) directly for a given Sandia. In Figure 4a is shown T/t 3 and /3
:Ine conftura-
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PPT C-LDO((

CA v T r i

0OA - .. Figure 5 The voltaics calculated from the data

- d in Figure 4 compared to msured input
voltage. The sharpening of the voltage

Q2 front at station 2 is real and expected.

Figure 6 shows similar data for the Physics Inter-

4 is 6 national tri-place line experiment. 7  i4are, hover,

I the voltage on the load is measured close to the
Figure 3 The paramoter I(O) - - 1) I current monitoro. The agreement is again well within

for the same flows as nCTLI. . expected error.

*I(A) )

.4

I3

Figure 4 The data Xe I 1 1I a and IT/II versus
time for the input (station 1) and out-
put (station 2) of the uniform section 2

of the Mite mgetically insulated line

for the sme experimental shot.

at the beginning of the uniform section of line, 
i.e., Just after the feed transition. Figure 4b %

are the san maosurments just before the load I I
!tI I 20recAw %.

transition at the end of the uniform section. Note I

that there is a fair amount of difference between Figure 6 Calculated and measured voltage at the
the two sets of data. Figures 5a and 5b show the load in the Physics International tri-
line voltages as calculated from 4a, 4b along with plate line experiment.

tho measured input voltage (time shifted). The We have shown that the voltage on magnetically

agreement is well within expected error. The
insulated lines can be calculated from line currentdisparity in the late time Sa data is expected as
data with sufficient accuracy for most applicationsthe flow is mostly in the electrodes in the first
without special knowledge of the particular flow.

part of the line, and sinc e ivoltage depends With experimentally determined parameters A and B,upon L.. - 13, large errors are introduced..
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additional accuracy -ay be avaiLable. T.s aLL.vL-

aces the loss problems previously see with. cras-

-Lne vol:ag* monitors.
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6.1

VERSATILE HIGH ENERGY CAPACITOR DISCHARGE SYSTEM

V.N. Martin

GTE Laboratories Incorporated
40 Sylvan Road

Walthai, Massachusetts 02154

Abstract component selection and construction details-

The requirements for generating half sine waves
of current having amplitudes over a range of Technical Considerations
36 kA at voltages up to 1.6 kV are being met Available floor space, floor loading, cc&" and
through the development of a compact, critically delivery ruled out oil-filled paper capacitors that

damped LCR discharge system containing 0.75F are found In many energy storage capacitor
capacitance, which can store up to 60,000. of banks. Electrolytic capacitor manufacturers were
energy. The system comprises five cartmounted, consulted to determine off-shelf availability,
electrically Isolated capacitor banks, each contain- capacity per unit volume for the highest voltage
Ing 0.15F capacitance and chargeable to a nominal avilable, field experience with high-peak current
value of 400V, which is c€ntrolled by a multi- discharge units and cost. The Mallory HES series

element SCR switch and can be discharged 1500 mF/450 working volt electrolytic capacitors,
through inductors and resistors to provide one- having an equivalent series resistance (ESR) of
half of a 60-cycle sinusoid at peak current values 0.050 were selected, b:usad upon their capability
up to 36,OOOA. Circuit designs are presented for of providing 1 kA discharge currents and their

the isolation and status Indication of each of the proven performance at the Lawrence Livermore
500 capacitors, for Inverse diodes to protect the Laboratory, where over 50,000 units are contained

polarized capacitors from reverse recovery voltage in various configurations of energy storage
experiments performed after the main capacitor capacitor banks. The following parameters may

bank discharge, and for protection of the capac- be derived for a system of five such racks, each
itors from overvoltage conditions, containing 100 capacitors operating at 400V:

Introduction FIVE FOUR IN
GTE Laboratories has recently constructed a High IN SERIES/ FIVE IN

SERIES PARALLEL PARALLEL
Energy Electrical Test Facility which Includes a

Primary 60 Hz Test Laboratory providing Energy 60 kJ 48 kJ 60 kJ

14.5 MVA short-circuit testing capability and a Capacitance 0.03F 0.1SF 0.75 F

Synthetic Test Facility powered by the high- I20 kA 40 kA 100 kA

energy capacitor discharge system. The Synthetic peak

Test Facility is used as a research tool to investi- Voltage 2000V 800V 400V

gate arcing phenomena, including arc Interaction Although the above values hold for the design of

with electrode materials, arc quenching and the capacitor bank, it must be noted that for the

current limiting techniques. This paper describes generation of a half-wave current sinusold of

technical considerations that led to the design of critically damped oscillations, having a leading

this versatile pulse current generation system, edge di/dt approximating 60 Hz operation, the

constraints of voltage and LCR circuit parameters



limit the resulting discharge current as shown Protection from overvoltage conditions is shown in

below. A set of equations was derived for the Figure 2. Two zener diode assemblies, each

critically damped case from which the discharge rated at I10V/3S0W, are connected in series

current, critical inductance and damping resis- across the output of each capacitor rack. In the

tance are determined for a given voltage and event of unbalances within the racks, the opera-

capacitance: tion of the zener diodes In the operational rack(s)

limits voltage to 360V to 38SV and prevents over-

Operating CapaiW- Peak Critical Damping stressing the capacitors.
Voltage tance Discharge Induc- Resis-

IV) (F) Current tance tance
(kA) (IH) (Q) Figure 3 shows a simplified schematic of the

400 0.75 45 16.4 0.0046 Synthetic Test Facility. It consists of a forward-

current generator (the high energy capacitor
300 0.6 36 20.5 0.0061 bank, CI) and a low-energy recovery voltage

400 0.3 1 41.1 0.012 generator that produces a reverse voltage across

800 0.15 18 82.2 0.25 the device-under-test at a controllable time after
the termination of current flow from the forward-

1600 0.0375 9 328 0.094 current generator. Protection and awareness of

Inverse diode techniques are well known In pulse
Circuit nesign modulator design. To protect the polarized
Major circuit design considerations influencing capacitors from reverse voltages, the following
safety to personnel and equipment are: are provided: a) three parallel-connected 1N3295R

I. Isolation of a shorted capac!tor from the diodes are connected across the output terminals
network to prevent discharge of 99 or more of each of the five racks, b) a diode Is connected
parallel-connectd capacitors through it (with from the SCR cathodes to ground, and c) a diode
possibly disastrous results). Is connected across the discharge reactor Li and

2. Protection of series-connected banks of damping resistor R2.
capacitors from overvoltage.

3. Protection of the polarized capacitor banks Component Selection

from the reverse polarity voltages impressed Three parallel-connected SCR's, type NL-602L,
across the device under-test during recovery enable a total peak current of 18 kA to be

treverse) voltage experiments after the dis- switched. Three additional SCR's will be Installed
charge of the main capacitor bank. later this year to extend the current switching 0

Individual fuses or exploding wires to protect capacity to 36 kA. Four 82 pH inductors made of
each capacitor were ruled out in favor of the 3/0 welding cable are pancake wound (20 in. I1D.,
10 kl) charging resistors shown in Figure 1, 32 in. O.D.) and sandwiched between sheets of
%%hich provide isolation during the charging cycle, plywood provide the discharge inductances. The
The superposition of 100 to 10,000n resistors, discharge Isolation diodes for each capacitor are
eacn in series with a 1500 mF capacitor, provides 60S8 epoxy diodes and the main Inverse diodes
an equivient RC charging time constant of are GE type A197P. The damping resistor, R2,is
(400 + 100) x 0.15 = 75s. An individual dis- made of various lengths of 1 in x 8.9 mil thick
charge diode couples each capacitor into a common Tophet-A resistive ribbon. A neon pilot light in

external load and blocks the possible interaction parallel with the discharge diode will glow

from aojacent capacitors In the event of a continuously if its respective capacitor shorts. If

capacitor's short-circuit, an isolating diode shorts, then its neoon bulb will

not glow during the charging cycle. Thus the

"health" of each element in the system can be
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Figure 3. Simplified Schematic of
Synthetic Test Facility

observed in a very simple manner during and Figure 4. View of Vault Containing the Capacitor
after the charging cycle. Two large parallel- Sank, Inductors and SCR SwitchInterconnections
connected Input and output banana plug Jacks on
each capacitor rack accept welding cable to Conclusion
connect similar connectors on the SCRIs the To date, arc studies have been performed over a
inductors and the 4 in. x 1/4 in. copper busses range of 0.2 to 14 kA discharge currents at 100V
feeding the test cell. to 600V through the use of 1 to 4 racks of

capacitors and various series/parallel combinations
Construction Details of inductors. Higher values of voltage and
Each welded aluminum frame is 85 in. H by by current are expect.; to be utilized later in the
90 in. W 27 In. D, is on casters, weighs year.
approximately 300 lbs, is seven tiers highand
contains three shelves with five capacitors Acknowledament
mounted on each shelf. The upper left shelf The author would like to thank V.C. Oxley of
contains a Plexiglas housing with an exhaust fan GTE Laboratories and G. Pence of Lawrence
to cool the "ener diodes, three inverse diodes, Livermore Laboratory for their technical
and an air-flow thermal Interlock. Individual assistance.
networks containing the isolation charging

resistors, discharge diodes, neon bulbs and

voltage dropping resistors connect between the
negative terminal of each capacitor and a
horizontal bus within the rack. The capacitors are
mounted on aluminum shelves in the present
equipment. Phenolic shelves, however, would be
preferred to obviate concern for shorts between
the insulated capacitor cans and ground.

Figure 4 slows tha SCR's at the lower left, the
inductors on the left arid far walls, and the
capacitor racks on the right ;n a room having a
f'oor area of 8 x 10 ft. Current viewing at the

test cell is provided by a T&M Research Products,
Inc. noninductive current viewing shunt. Arc
voltage is viewed by means of a conventional RC
voltage divider.
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6.2.

A 130 V Low Impedance Multiple Output Trigger Generator

A. X. Ni shaell, C. I.. Deblot, A. P. K~rickhuhn

. iell Laboratories, Inc.
8835 RalboTo Avenue, San Diego, California 92123

Abstract 0=a44 Cable
As shop In Figure 1, a charged cable trigger

A unique low Impednc trigger gerator has ogenerator consists of a length of cable which is
been developed which can geerate 130 kV pulses electrically charged to soft potential Vo by a
having 22 as risetine in four 50 ohm output power supply. Whea switch S3 is closed, pulse

cables. This generator uses a mltichannael ,travels along the cable frm S, to the output and.

rail-ap switch to discharge a group of low iuhm the voltage pulse reaches the end of the cabi
inductance capacitors which are charged to the open circuit output voltage changes by -2V .

150 lV into the output cables. The performance Risstine of the output pulse is determined by

of the circuit was analysed using a computer switch Inductance and cable impedance. Charged
and successfully predicted the behavior of the csbla syste are probably th, least coplex and

circuit. Time jitter between input trigger simplest type of trigger generator to build, but
and output pulse is less than 2 a (out stand- they suffer from problems of cable life as a result

ard deviation). The unit is imersed in oil of the dc charge potential and 100% voltage reversal
in its own metal housing. This clas of generator is often built with multiple
Introduction charged cables feeding multiple loads but switched

Nigh voltage trigger generators are used extensively by a single switch. Also, as shon in Figure 1, a dc
to trigger various types of switching devices blocking capacitor can be used in those applications

Including spark gap witches. Typically, trigger which do not pamit the dc potential to be applied to

generators for these applications range in output the output load. Time jitter values less than 5 no
voltage from 10 Wi to 500 kV with risetinie varying can be obtained with this class of generator.

fro less than 10 nas to several hundred ns.
Single-Stage Charged Capacitor

We will start with a brief description of trigger Figure 2 shows a single-stage charged capacitor

system and then present a detailed description of trigger generator. In this case, the initial poten-
a recently developed trigger system. tial V0 is stored on the capacitor C and discharged

Trigger generators can be divided into several into the output cable by switch 5V The open circuit

classes as listad below: output voltage at the load end of the cable is 2 Vo.
The charged capacitor generator offers advantages

a. Charged cables over the charged cable type since there is no dc

b. Single stage charged capacitors charge potential on the cable nor Is the cable
c. Multiple stage charged capacitors subjected to voltage reversal. It is somewhat more

d. Pulse transformer difficult to obtain as fast a risetim from -Irsed

capacitor units as from charged cable units because
Each of these classes will ' 'iscussed and a of the added inductance of the capacitor and associ-

par:icular design of - '. e-stage charged ated buswork. Time jitter values of less than 5 nas

capacitor class . d,;, dd in detail. are obtained with this class of generator. Bach of
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thdse classes are capable of driving many cables and risetim and hiuh -a isdace ii acceptable. Because
cherefore are useful In systems which require my of the high Source impedance, this typt of ge*erator
outouC ttii|,s. is not used to drive Coaxial cable. Therefore. the
4ultIple-Ststo Charted Capacitors trIUS glertor uat be placed adjacent to the
The Aximm output trigger Amplitude of the single-, unit beng triggered.
state charged capacitor class is typically limited 1 W LI ple out Tr er mera to r
by the aximm voltage rating of the switch Si . In we ha recently bulc a trigtr generator of the
chose applications which require output trigger single-stag charged capacitor typ which can goner-
po tentials greater than can be obtained with a a 1 0 se h av i ' 2 rich an I na te 130 kY pulse having 2 na IO-90: risetime in
single capcitor-vitch combination, ,erx type four S0 om output cables. Ma of the** generators
t.ri;Ser generacors are used. A arx generators
consiscs of a group of capacitors charged in parallel trill be 1e in a sinl te sys to provide 3q simul-
ad discharged in series; thereby multiplying the t hiMo pl 130 t e outpt trig rs. A unique requirment
power supply by the number of capacitors. Spack of this appliratio is that ech o tpu cable has a
aps are normally used to switch arx type earero ipedance shrt which appeirs at the output

trigger generators. Tngure 3 shows a scheamcXc end of the C2ble early in the pulse. Tis system h
diagram of a typical Marx generator. Typical Marx been designed to withstand the voltage and current
generators operate at POtentisls of 50 to 100 kV per transients which result and still provide long
stage and are often used to supply as much As I to trouble-freo life.
2 MY7 output potentials. 

A schematic diagram of one of these trigger
lisecime is determined by the inductance per state generators is show IA Figure 3. A group of four

and the load impedance. This class of gne ator 60 nr capacitors, in a sris, parallel combination
tends to have somewhat higher source impedance than are conmected to the 4 output cables by a low-
the two discussed above. As a conequnce, HeMs inductance rail gap switch. rour capacitors are
type trigger generators are usuxlly used where they charged by an approximately constant current power
can be mounctd in close proximity to and directly supply via an isolation resistor to 150 MY. An
connected to the load. thus avoiding coaxial cables inductor is used to reference the output size of
uhich would degrade rlsecime and limit the output the rail gap to ground for dc bulasnl. A two-
potential. A properly designed Marx generator will resistor divider biases the trigger rai_", In the
typically have time jitter in the 10 as region. switch to V/3. An RC network coupled the external

trigger geoerctor to the rail Sap and provides dc,
Pulse Transformer Isolation from the bias voltage. The rail gap is
In addition to the Nrx Senerator approach Just triggered by a .axwell Catalog Number 40151, 100 kV
described, another method of obtaining large trigger trigger generator which is of the switched capacitor
potentials is to use a pulse transformr. As shovn variety. This trigger generator provides :he fast-
in Fliure 4. che potential to which C in charged rising pulse (5 kWhos) required for a rail Sap to
(Vi ) 1s stepped up by the turns-ratio of the trans- operate in a multichannel mod.. Nine output cables 0
!or-er () so that the open-circuit output potential free the 50151 trigger generator are used to trigger
is WNVo .  the nine separate capacitor discharge units

Pulse transfor er trigger generators provide a simultaneously.

relatively high impedance trigger source at lcba cost. The M.L 60151 trigger generator provides a :00 WV, S
This type generacor uses a switch (i.e., cold cathode fasc-rising trigger pulse to the rail ;ap. This
suitch tube, thyracron, etc.) to discharge a capaci- causes the rail gap to close in the multichannel
-or into the pri.ary of a pulse transformer. Use of =Oda. The four c:pac*tors then discharge through

this type unit is limited to situations where slower the rail Sap iuco the 12.5 ohm load of the four
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50 ohm output cables. Total circuit inductance is
125 nMl which provides a 10-90: rise4imc of 22 ns.

The capacitors discharge as a decaying exponential
and provide a pulat which has a full-vidth, half-

maximum duration in excess of 300 na, which is

determined by cable impedance and trigger generator

capacitance. This pulse decay continues until

reflections on the cabl- return from the shorted
output. Curren: vaveforms ver monitored by

inerting a 0.5 ohe, coaxial current shunt in the

braid of one of che ootput cables. rigure 2. barged capacitor trigger generstor.

A cross sectipn viev of the trigger xenerator is +,\V OUT

shown itn Figure 6. A rank provides a container for
the Insulating oil. The tank may rest on the floor

or be vuspanded from the lid on .uncing holes pro-

vided at each edge of the tank. All of the internal

electronics are mounted on the lid to provide easy
access to internal components for ease of mninvt-

nance. The rail gap is mounted between the pairs

of Maxw4ll SS capacitors. )ylar paper insulation

icolatrs :he burwork from the rail gap,/

A typical waveform of current in outer conductor
ci output cable is shown in Figure 7. Notice the C2

reflection at 450 no due to the shorted output

cables used to model the actual load. A computer

model of the trigger generator was developed and
the results are presented in Figure 8 which shows

the current in one of tne cables. The computed Cl

peak current amplitude does not decay as fast a in

the actual circuit because there was no loss

ze-hacisn included in the computer model. Jitter

was less than 2 no (one 0). Nina of these genera- Figure 3. Marx generator/trigger generator.

tors have been manufactured for a system which ill
provide 36. 50 oh. outputs of 130 kV peak amplitude.

1 N OUT

reV

Figure 1. Charged cable trigger generator. Figure 4. Pulse transformer trigger generator.
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LO-IXPEDANCE, COAXIAL-TTE MARX CLE ATOR
*,WITH A QUASI-RECTA.G1L&R OUTUT WAVEFO. ,

M. OIAR, Y. SAAT'O, C. H. LE,
T. HASHIMOTO, and T. FUJIOKA

Department of Electrical Engineering, Xeio University,
3-1-1, Kiyoshi, Xohoku-ku, Yokoham-shl, 223, Japan

Abstract faster, and the output impedance decreases, with
a corresponding improvement in the efficiency of

Theoretical analypis of a low-Impedanc,, coaxial charging the ?.
type Marx generator, in terms of the equivalent In accordance with the above considerations,
electrical circuit, can offer the most appropriate Kubota at al..''have succeeded In developing a
parameters for the design of a Marx generator to lo-impedance 600kV Marx generator which consists
produce a quasi-rectangular output vavefor-. The of cermic capacitors as the individual capaci-
results of this theoretical analysis can be tors, and which has a coa"ial configuration.
extensively applied to the design of various types We have developed low-impedance, coaxial a.rx
of coaxial Marx :enerator. Based upon theoretical generators in order to generate intense electrcn
analysis, three Marx generators of 0.64V, L.ONH, beans used to initiate HF chemical lasers. We
and 2.6.4V have been developed for the *-bea have derived an equivalent electrical circuit for
initiation of an HF chemical laser. The results this type of Marx generator. We found that an
of the analysis vera in good agreement vith the appropriate value of the stray capacitance with
experimental results. They have a completely respect to the value of the Marx capacitor, can
coaxial configut:tion. Oce advantage of these give a quasi-rectangular output waveform.Theoreti-
machines is ttat they can directly drive a cal analysis of low-imedance, coaxial-type Marx
low-impedance electron-beam diode, without a generators would appear to establish the optimum
low-impedanca ?IN, for the efficient production of parameters for the desira of a Marx generator to
an intense relativistic electron beam. They are produce a quasi-rectangular output
also remarkably compact. waveform for any given values of pulse

yidth, output voltage, and stored energy.
1. Introduction The results of this analysis agreed fairly well

with the experimental characteristics of l'IV lkJ,
Among several means for generating high voltage 0.6MV 180J, and 2.6MV 2.2.J Marx generators. In

pulses over 100kV, the Marx generator has found the case of the 1MV Marx generator, the output
widespread applications in various fields because pulse contained 82% of the stored enargy vithinthe
of the case with which it can produce high period for which the pulse height was over 90: of
anergies.' Onte such important application of the its peak voltage. Due both to the low impedance
.Marx generator is for relativistic electron-beam and to a pulse-forming affect, this pulse could
accelerators producing an Intense relativistic drive a low-impedance a-beam diode directly
electron ba-ma (IREB), which has been extensively without a PFN, achieving far more efficient
used for collective ion acceleration$, nuclear conversion of the stored energy into a-beam
fusion ', plasma heating, the initiation of output, and being more compact than the machines
chemical lasers , and the excitation of gas utilizing a PFN.
lasers. Moreover, the output voltage is 70% of the
The requirements for these applications include no-load voltage under the conditions for which the

a voltage pulse with a fast risetime and pulse most clodely approaches a rectangular
quasi-rectangular waveform, so the: the velocities vaveform, although when a PFN is used, the output
of the a-beans are identical over the entire pulse. voltage with a matched load is at most 50 of the
However, conventional .a-x generators have charging voltage. At the expense of the output
relatively high internal inductance, so that the waveform, it is possible to obtain a voltage pulse
voltage-pulse rise is slow and the pulse envelope higher than the voltage without load. The low-
is mainly detarried by a series RLC oscillatory impedance, coaxial Marx generators have been
circuit. developed for a RUB-initiated HF chemical laser.
The general practice has been to use a These machines can, however, also be used in the

low-i=pedance yulse-foraing network' (P .), or fields of plasma physics. Therefore, we would like
Blunlein line ', charged by a conventional Marx to report the theoretical and experimental studies
generator, to drive a low-impedance e-beam diode. on the coaxial Marx generators.
According to this scheme, no more than several
tens of percent of the stored enorgy is available, 2. The Structure of the Coaxial Marx Generato:1
because the scored energy of the Marx generator
is inefficiently transfered to the P.N. As an example, we describe the structure of a
As the internal self-inductance of a Marx 1-MV coaxial arx generator. A 1-MV, 1-kJ Marx

generator decreases, the voltage rise becomes generator consists of 10 Marx modules, each of
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which is chzt:gd at up to : 50kV (plus-sinus charging voltage of a 25 kY. .U noted in this
voltage chartlrg system). The electrical circuit figure, the values of resistance are 12, 30, and
of this coaxial. Marx Senerator is shown in Fig. 1. 40 R.
Ide have adopted the following means of reducing In :he case of an ordinary Marx searator

the inductance of the Marx generator and thus its connecced with a given resistive load a, RLCimpedance (ede Table 1). resonant oscillation occurs, where L and C are
Firic, ceramic capacitors which have virtually decided mainly by the inductance of the Sap

negligible residual inductance are used as energy switches and the capacitance of the Marx modules.
storage capacitors. In this case, the output Wavefors are classLfied

Second, each Marx module has a copletely
coaxial configuration. A Sap switch Is placed at into three types: under-damping (K < 2V't7.
the center of the Marx module, where ceraiLc critical-dan| (K - 2,R-. and over-dampint
capacitors are arranged conceontrically. aarx
nodules are Inserted in a stainless steel cylinder (x ) 2vE-7). From Fig. A, the output voltage
(560 In diameter and 2670 - In overall length) aveforms appear not to be defined by a pure RLC
which acts as the outer tonductot. Each Marx resonant circuit, but to be defined by some kind
nodule is cosposed of 32. SrTiO ceramic capaci- of pulse-forming line. This pulse-forming effect
tors (c 4 150V, aluminum disis (460 m in can be thought of as arising from the distributed
dlaetef and 6 ma thick), a pair of presaurixed circuit consisting of both stray capacitance
Sap Wtches, and three charging resistors. Esch between inner and outer conductors, and inductance
ceramic capacitor is 35 a in disater and 24 00 iminly determined by gap switches. An analysis
in leuigth, and has a raced no ina capacitace of has been performed using an equivalent circuit.I nF and a rated voltage of 25 kY~i To raise the Discussion of this analysis follows in the next
working voltage of each Marx nodule, two capaci- section.
tors are connected in series, and 81 such pairs . Theoretical Analysis
are distributed in parallel as closely as " T
possible. These two sets of capacitors at. put
between three aluminum disks. Because the ceramic In this I-MY coaxlal Marx generator, the
capacitors are dittributd so closely, one Marx capacitance of a Marx module and the inductance of
:.adule can be regarded as two 40.5 nF capacitors the gap switch are placed in a linear sequence.
connected in series. There also exists A stray capacitance between theFigure 2 shows a simplified cross-sectional view outer conductor (stainless-steel cylinder) and theof a coaxial Marx generator. Tom Marx modules are circular Marx module. Here, for convenience of

stacked in series, secured firmly by 10 p!astic analysis we propose the equivalent circuit of the
rods, and put at the cencer of the stainless steel coaxial Marx generator shown in Fig. 5 for the
cylinder. The Marx modules are imnersed in high- analysis of the output performance. The following
voltage transformer oil. Triggering the first gap notation is used:
switch (pressurized with a mixture of SF, and X,)
enables che Marx nodules to be connected electr- winductance of a triggered spark-gap
cally in series co generate a negative high sLItch,
voltage. At a charging voltage of ! 50 kV, the L2; inductance of a gap switch between
energy stored in the Marx generator is estimated individual Marx genrator,
at 1.01 kJ. The loss in available energy stored L3; inductance of an output gap switch,
In a SrTiO capacitor in comparison with the Cm; capacitance in each arx module. A
nominal st6red energy is much less than that of a Marx module containts tw Cats in
BaTL0 3 capaci:or.'

0  series.
The 3gap switches used consist of a spherical Cs; stray capacitance between the outer

brass (-) electrode (radius of curvature 20 mm) conductor and a cylindrical Marx
and a flat electrode, the gap length of which is module,
18 =. The gap switches are separated by an 80 mm RL; load resistor.
a. d. luci:e tube and "a" ring gaskets, pressur-fted with an SF./:: m uea pt he A Sap switch is assumed to consist of ana , mixture at up to three inductance and a switch, and co close when :he

atmospheres!4 1 " applied voltage exceeds its flashover voltage. In
3. 02eracina Characteristi.cs of the Coaxial .- x Fig. 5, a .arx module is indicated by an areaGenerator enclosed by oblique lines.

The inductance of each gap switch is thought to

In order to measure the operating character- be composed of both a structural inductance Lsins ofe coaxialsr ge ra car a cper- which indicates the inductance between the gapistics of the coaxial Marx generator, a copper- switch and the outer conductor, and the channel
sulfate solution was used as a resistive load. inductance durimg discharge' In this machine,
Jich the structure shown in FIg. 3, this can structural inductances are estimated to be 37 nH
function not only as a resistive load ut also as for the tr ggered spark-gap switch, 65 nH for the
a high-speed-response voltage divider.3 The third gap switchgofreachaMarxpmodule, 3 nH for the
copper disk electrode near the ground electrode gap switch o. each Marx module, and 8 nH for heoutput swiltch. Althougjh a discl.-arge-channel
enables the output voltage waveforms for a 3iven inductance of 15 nH/cm has been reported, a value
resistance :o be obtained by measuring the voltage of 28 nH/cm was, however, found c.i give the best
between these two electrodes. The dividing ratio fit with the experimental results in this case.
of this resistor is 1/800. From the above calculateos, the total inductance
F gure 4 shows the output waveforms at a
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of the Individual gap switches with gap spacings Similarly, on the loops N - 2-10, we obtain
o. 10, 1S, ar4 15 m, are L 65 nH, L, a 115 ni,
L3 - 80 nH, respectively. j + - ONV.

A Marx capacitance C vat 40.5 nF. Stray L2CM + 2V + *N " - (A)
capacitance C is calculated from the capacitance If the voltale appearing on the resistive load
of a coaxial line consisting of an Is written as VR, on the loop N * 11, we obtainL
inner conductor (a circular .arx module is
considered as one cylindrical conductor) and an . + 1 4 Vy NI (5)
outer stainless steel cylinder. In this case, Ca  L = I C4 .
Is estimated to be 0.10 nT. ;V .

It is &asumed that each Marx capacitor C, is VA ALJI W ALC, a * (6

initially charged at a voltage V , and the stray We can calculate the output voltage appearing on
capacizor Cs is not charged initially because of
the plus-sinus charginl scheme, before a triggered the resistive load, by substituting V (* V '-V 1 )
spark-gap switch is fired. Therefvre, initially as an Initial value into equations (27-(6).
a voltale of V is applied to switches 5 and 5 Figure 4 shows the output voltage waveforms
while a vol i1 l easured with the load resistors R, of 12, 30, and

a of 2V is applied to all s0itch 40 n , together with the theoraticll results givenS 4 to airp by this analysis. For reference, in the case that
if in l?; is mch n e on ly the triu ered spark-gap o n t e v l a e V a p a i g o h t a

switch S on the first stage is fired externally, peitanca of th e V appear onute a
so closiAg switch S1 , the voltage across cYPaci a C of the 1 Marx module, and the
Sap-switch S, starts to increase from its initial output Volta&: V are shown in Fig. 6. In fit. 6,
voltale of 2V, . When this voltage exceeds the the time of firilt the triggered spark-Sap switch

breakdown voltage determined by the gap spacing is set at t - 0, while in Fig. the time when the

and mixture pressure, the switch S is closed. Zn voltage starts to appear on the resistive load is

this way, Individual switches clo successively ,t t a 0. As Is clear from Fig. 6, the voltage
up to and including switch S , and when switch O the C of the n+l'th stage appears
Sil is finally closed, the 1put voltage appears later :tan that on the C of the n'th
arot the resistive load I. It is reassonable stage. The output voltage vmeform producea by
not to assume that all sitthes can close simalta- this coaxial Marx generator is the result of two

neously, but to understand that according to the effects: one of which arises in an XLC resonance

above discussion, gap switches will close in order circuit, and the other of which arises in a
with successive time-lags. In order to decrease distributed element circuit. In the frequency

the temporal jitter in the gap switches, the region characterized by the RLC resonance cIrcuit,
mixture pressure in each gap switch is adjusted to the resonance frequency of which is
some 70-90: of the self-breakdown voltage for the
gap switch when charging a Marx generator. It is J ( 21 (L1+9L.+L,)CO/

20) " 3.3MZ
well known that the breakdown voltage is dependent 1 L
upon the time for which the voltage is applied, ( 2fRLCC and J'RLC 2 are estimated to
with bigher voltages for shorter application to be 1.2 and 2.4 $1, respectively. However,
times!' In this case, the breakdown voltage in the
pulsed mode is estimated to be 1.8 times higher (2.tiR CS)'1 Is 450 n, which is auch larger
:han in a DC mode. than and L,. Thus, C may be neglected so that
Using the values cited above, the following set the MaYx genaator can a t as a simple oscillatory

of circuit equations can be derived from the series RLC circuit.
equivalent electrical circuit shown in Fig. 5. On the other hand, in the region determined by
If ':he voltages applied to the C. and C on the the distributed eleent circuit, the resonance

n' th otage are denoted .,Y and rspec tvely, frequency of which is liven by

and tie current passing through'the C3 is denoted
as 1, I may be written as follows, LIE m (2 = )--47MH

62-ILlL2 and 2r./LIICS) - I are 33 and 33 f

Here, a variable N indicating the on-off switch-
Ing st ce of the gap switch is introduced. When respectively. However, (2TfLIltCm) of C= is

the switch is closed, K, - 1 and when cut off, 8.7 x 10 0. which is much smaller than those of

,. - 0. The current palsing through the C on L, and C . Therefore, in this frequency region,

the ntth stale can be written as the Marx generator seems to function as a distribu-
ted element circuit.

S - KNIN - KN+lIN+l Consequently, the output voltage waveforms shoun
t an Kin Fig. 4 can be attribuk-d to the effect of an

- Cm( Y-1 3t - K4j 17t ( RLC lumped element circuit coupled with a distribu-
ted element circuit.

On the loop N - 1, we obtain 5. Generalization of the Design of the Coaxial

L7 - + VI + 01 Marx Ge arator with a Quasi-Rectangular Output
Waveform

=LCm-t= + V, + 01 0 (3) In this section, we extend the analysis using

the variables described below, so as to generalize



this a"lysis And to offer a guide for the design required, because tht pulse-foring effect is
of a coaxial Marx generator with a acronaly dependent upon the stray capacitance.
quasi-rectangular output. Therefore, we introduce a parameter C_ deflud by

n this analysis, a is the mmbr of Marx the ratio of MZt to nvt o where
aodules, and the notation for elements of the Marx
module follows that of fig. 5. If there is no * 4
stray capacitance between inner coduzror and A . -')
outer cylinder, the ,.arx generator "a seen to be a ad Wier !0W Is the half period of resonance i&
siaple oscillatory eerier SLC circuit, as an XLC series resonance circuit, and n T= is the
indicated in Fig, 7. propagaion tm of a electromgetic wivi per
The analysis reveals that variations In L and unit lengthie o an earx m agneator.

L have hardly any influence upo% the overall Substituting equation (0) s (9) Into (14),
c€a'acteriatics of the device and that its outtui haei
characteristics are mainly dependent upon the_
value of L,. Moreover, the voltage applied to Z. CS(1)
both L ana L Is only a half that applied to LI,,
so that the Sip spaces of bach L and L3 say bes
reduced to decrease their inductlaces. Hence, for As can easily be s in from equation (15)c t a a
simplicity of the subsequent calculation, we doterime by tha capacitace C, of th M
assume that genracor,

The output-voltage weveforms calculated by this
L, - L3 a L2/2 (7) analysis using the normalized paraters are shown

in Figs. 8 and 9. Figure 8 show the theoretical
Using equation (7). LC, and V shown In Fig. 7 waveforms as a function of a with parmters n,20,

and . - 3.75. Figure 9 showe the resultssiplify to obtatAed with such parmters as n • 20, and cO0,8
IA + n )L 2 + L3 a nL 2  () as a function of C . In Fig. 8, the unwanted

,1 +  - ). 2 + n() deviations of the ucput pulse wavefom are seen.
otr *xamle, the pulse Vaveform at o - 0.4, and

C .a 3.75 is under-domped and is discorted intoa
(10) rogative tilt. In Fig. 9, the two upper pulse

waveforms are negatively tilted, and two lower
After nor.alization of VR and t us'ing those L, pulses are positively tilted. In all pulses

, nobtained, the pulses build up sharply vith cim,C, and V, the dimensionless variables VDLand T IM and exhbit neither rounding (undershoot) nor
are defined as glitches.

VDL " VR/V - V;/2no (11) From Figs. 8 and 9, It Is found that appropriate
values of a T and a uasc be chosen to obtain the

TD ' - t/2-. L- a /2:rrL2;/' (12) most rectangular output waveform. We determined •

the most suitable values of aT and a by the follow-
.hero V is the voltage appearing across the ing method.resistive load, Firt, so as to determine the optimum 0., at areis tive, fixed value of a (as described below, the'optLaum

V is the ratio of V to output voltage V value of a is 0.8, so a is fixed at 0.3) we
L ith no load, calculate the following ratios as a function of .:

Ls the ratio of t to the resonance (a) T0.9/T0.5; the ratio of period for which the
parthe -L-C. output voltage is at least 90% of

the peak pulse voltage to theSince the output voltage waveform of the Marx F'.i@ of the pulse,
generator varies with the resistance of the resist- (b) r/E¢; the ratio of the energy dissi-
Lye load, we introduce a normalized load resist- pated in the resistive load to
3nce : defined by the energy scored in the Marx

(13) capacitors,
=M C z . (13) where these two ratios indicate the degree of pulseforming, and both values approach unity an the-here I indicates the ratio of the load resistor output pulsc becomes completely rectangular.

I to 2ZLC which is the resistance at which Calculated values of T3 . / T, , , and E.IE/. for 0.
cr tical damping occuns in a simple RIC series 3-.5 are shows in Flg.ln. FI.l0 shoos that whin
resonance circuit. If a is introduced in this q-3.75 the most rectangular wavefora can be
manner, the conditions for damping are simply obtained. However, even over the range (;-3.5-4,
given: x < I (urder-damping), a - I (critLcal- the pulse waveform is considered to be nesrly
daping), and : > I ( over-damping). rectangular, and the energy dissipated in the load
In a simple RLC series oscillatory circuit, all is over 95% of that at c .,3.75. I

the outpuc voltage waveforms can easily be charac- Next, so as to determine the optimum a at a fixed
terized by such normalized parameters as VDTvalue of 0 v3.75, we calculated the value of E i-
d . Hoever, here a pulse-forming ~c ODL DL as a function of a. This result is shown in F ii.

exists due to stray capacitance between inner 11. In Fig.11, it is clear that the most -ecran-
conductor and outer cylinder, a parameter indicat- gular waveform can be obtained when a-0.8.

ing the degree of the pulse-foring effect Is However, even in the region of 2-0.7-1.0, the pulse
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wavef orm is narly rectanguLnr, and the ana;gy ratio of C /C is inversely proportional to
dissipated In the load is calculated to be $reater n: accordigg to equation (16). This condi-
than M5 of that at 0--3.75. tion (c) is, fortunately, conducive to the

Although the above teoretical analysis is only construction of a coaxial Marx generator
* for n-20, the optimum conditions obtained by the with a rectangular output waveform. As the

analysis Are valid for coaxial Marx generators output voltage increses with the increasing
with any n~umber of stages, provided only that a number of Marx modules,it becomes possible
and C. are set to the values derived above. In to increase the distance batwee.,. the Marx
order'to establish the validity of theek results, module (inner conductor) and the outer
ve calculated the output voltage wavef orn for the conductor. This condition Is advantageous
cast of n-10, and n-20, I%: Ioth cases of which oa. for the prevention of flashover through the
3.75 and et'0.S. The. results are compared in TIC: insulation oil that fills the Marx
i2. generator.

According to the results of the theoretical
analysis, it We. found that parametears should seet Using the generalized theoretical analysis of the
6a, following requirements. in order to generate coaxial Marx genetator described in this section,
an output voltage pulse of quasi-rectangular we also analysed theoretically the characteristics
waveform: of the 600-kV, 180-J, 10-stage! a and 2.6-NVI, 2.2-

kJ, 16-stagigcoaxial Marx gentrators(Figs. 13 and
(A) or -j- C,/2, - 3.75 (16) l14). The specifications of these machines art shown

*Equat.ion (16) is equivalent to the form of In Table 1. The output waveforms obtained theoret-
ically were found to correspond with the experison-

ZLI4E-.6 (17) tal results.
-ZXLc 2n
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v J9.8 Dependence of the output Fig.ll Parameter tL vs. ER/EC. Fig.14 Theoretical output waveform for
voltage waveforms on the 0.6-NV Marx generator.
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*0.1 Fig. 12 Typical output voltage Ou"s or 14. 320 02

waveforms of coaxial CPACIIONM U1Z

CA *,* Marx generator under the c~p:w "' 2 1 ~ 7p
optimum conditions. NXIVIIII10us 026790 0oft 056010

x1415S x4670v 47,10m

P .mx 38 VLWIDU 211ROOC 411ROOC 47,eoc

0.4
* ; Table I Specifications of the 0.6, 1.0.

P6Z 670 and 2.6MV Marx generators.

a7

Fig.9 Dependence of tfie output
voltage waveforms on Fig.13 Theoretical output waveform for
Parameter c-t. TIME &III the 2.6-MV Marx generator.



172 0

6.1

1XYITUD

7AU DUIZ AMIOM To A IZG-VLT DUST GCAMtM

0. Cummims A X. G. Nm, Z1

PhYt7O ZaMACtiuial C* pAY
.700 Ma~c Street

Sea omaMtr, Califorua 94577

AA ,..creasin nmber of exptmental pnrocam

call for a sequ enm of several closely *"cod,

hgh-voltae pulses. -hi paper pteeate the

varioua desig consLdoratiome for suc a ystem.

These Lncluce the kind of p .ls4 e eerator. aeries
or parallel confLquratlon, kLnds, of lainz aspoct

:atio, choice of dielectrice witch type# trir-

"rLnq considerations. Marx Generator desLip &M

Lolation, feed peablema, palse formation, ad

waveform J, radation with increasing stage. The

desin procedure U illustrated by the *-2 paler 0

built for the PEI Facility at the Toe Alami e

Zc*-entifIc Laboratory. This syatee produces a

train of up to th.re 40 no palsoo, variable frm

600 V o 1.4 .4 vi th puls sepaation* of 100 as FPpi m 1 PHEAiMEX M 2 Puher.

to I me. Result A" given and wavef os
presented. p 2

1.0 :1, .C.CN1. OUTPUT O,. TO Is MV

2. LOAD THIRMIONIC 0100

accencly there has been incre sing interest 3. LOAOIWIOANC. inolts9MV
hi programs which require & series of several 4. PULSE ATION

2PULSESMIRGRO 10 a 200n w
closely spaced, hLh-voltage puls s. .hem iPULSSMCAGEO * 0 nw

;rogram. include studies of Injecrton into mJynt- S. RISETIME -: n o

:cally confined fusion reactors, charged particle 6. FALLTIM C 40nm
7.. TIrrER .3A ec

beam weapon propagation studies, and multiple . PITE SEPAATMW
IL. PULSE SIEPARATION

exposure :adogrsphic sysem. 2M 10 TO In 1OI 10racmaB

2. PULSE FLATNESS :10
The system described in this paper ise the II% ALLOWD FOR O% F OURATICNI

M(-2 Pulser built for the Los Alawis Scientif ic 10. MEAN AMPLITUOE VARIATION
(WITHIN PULSE TRAINI C 3%

Laboratory. A suimry of the p ncipal (TRAINTOTRAIN) 43%

;4rforzance specifications is given ;.n Table I. A

rawinq of the pulser with the dummy load is shown 2.0 r,5104

-1 Figure 1
2.1 Xind of Generator

*Hork performed under contract f.-om the Ecs Alamos '.'here are a number .f important parameters to
Scientific Laboratory.
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be considered I. lect.l. the dein of the

generatort
a) Pulse duration

b) Volta"e

c) Impedance
d) ikveform requirement&

4) Numbner of pulse
f) Plse "epration

9) Jitter

Th first parameter foreithe basic decision #

o. whether to use distributd or lmped elints Figurt 2 PHERMEX M.2 PutesdwnI 0c desin.
the latter becoming feasible and often desirable
above a pulse length in the rane of 100-300 n. 2.3 choice of Dielectric

For short pilse., the choice is marrowed down to

either a sluple pulse lire or a alimaeli circuit. The folloving factors influence the choice of

dielectric

2.2 Cbnfimaation a) Dielectric strength

b) Desired impedance

For high repetition rates ( 10 khx) ad high c) Pulse length

average power, a single repetitive pulser in buest d) SpMt Availabli

mde will ut met the requirement. Consoqiantly, e Aspect ratio of line

there axe two aitwrntive " ola- p-- s o f) osses &ad dispersion

the confiuration:

The choice becomes primarily a tr*deoff

1. Independent Parallel ftlsers. Tis configur- between high impedance for short risetLR Ad lead

ation would be quit useful if nmsecond, daing, mad low impedance for short length to fit

megavolt. sarawatt diodea Wee available. One the limited psce available.

might consider direct connection with pulser of

00 :0/2, O/4# etc., wish twice the energy for The load was to be a coaxial vecuvu-insulated

.each successive puiser. However, without thermionic diode with a nominal line impedance of

isolation, the oecond pulse would have a tail of 60 om with an sed capacitance of 115 pr and ba

V/2, V/4 , etc., and the third pulse a tail of loading of "2 ohms. Tbe resulting resonant

31/4, 9V/16, etc. iolation with a series im- circuit hae a series impedance of about 37 ohms.

pedanct could be used to reduce the tail, bt the with trivial boam loading the primary damping mat

entrgy penalty becomes enormous. cam fio the line and load impedances in

parallel, or :0/2. For a slight overshoot, this

2. independent Tandem Pulsers. in this appzach value leads to the goal of -o - 2z w 74 ohams.

pulses after the first must pass through a series

of switches, leading to waveform deqrsdaticn. in In a simplified model of a switched line, the

addition, no Une end in available for the input 10-90% rimetime Is given by Ir - 1.1 Ls./ZO. For

energy feed. However, thee problem hve Zo - 74 oims, this would also give an excellent

solutions and the tandem configuration was risezm with the estimated switch inductance of

chosen. A -1u--.le -n circuit canno, be used, 160 nX (single arc channel).

and the choice becomes a simple pulse line

configuration selected for the M-2 pulser Oil would have been desirable since it could

(see Figure 2). readily give impedances in the range of 30 to
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So ohms. OL:. %ald also 6,, away with the need for bea*king. '.1 reduce the COUPLja between tamios

a diahram betwoen the Mir AMd the line. Lino sections amd to Avoid zxaoegae txaawt tine
Noever, the feed capacitance Wouald %end to be effects, a ge. switch wa needed.

relatively Uiyh. 1rrthrmge, the *-2 pelsot ha rigae 3& almw the voltty history *m a0
to fit into Aa existingy facility wi.th limited switch with a delay of 700 PAbetuiem psi.... The
length. Conso.iiaently# the twices were nawedW swtc first me th charging e&d discharqLaq of
to Water (Cr a 73) and ethylene glycol tM line aIA4. Its own liame is them haxit ~ am

wc 0 41). Water wofl4 have led to A lirs with &A that the polarity is revocsed. -.IP anaaw delay
Aspect ratio (1449th to width) of ahaot 0.75:1. bete palsm ia 190 as, which tIs"m thas Ohe
nth food diameter would be Abouat .01 of the line riauwp half posrie (500 no). Tha, the wavetorm
1mpgh and the of fects of the foed woud be am" of ives 3bca" result (a delay ot 300 A is
isu±ed. Lastly, with voter the lopedaoe Movld be so ) ihMkIW" halal o ow

low. OMAd triyyOria beeas Lprative in erder to

conoequntly, ethylene glycol intged a the "e the tight Jitter reqeixrmst (04 -Oa s).

final choice. The Available data indicated the Sin#e both aid"e of the switch smt eack ia turn

dielectric strength to be god. The system fit be at high voltage, the switeh not be

into the space Available And it permitted a higlew symetrical. Tli epOuy switch that was designed

line impedance of 14.5 ohms, which La lower tha vl ued La described La one detail is a

optimuc. However, ways Wer taound to Acoodate cempanieft pape entitled *A 3-W tow Jitter

this 1evel of impedance. ?riyyW beitak.0

.he sel!-diachary. IC time for ethylene
911vol can he sade Mich longer (-' 34 Ia) tha the

rin"u half period (SOC as) with an s* e*change

rosin bed. The flash point is only slightly lower
tha.wn oil (240o r vs. '.'So r). It doee achr

water from the air sedoeiccaarts are placed, Ia air x

vents. The1 only Problasi from the water 1.s a Ssall

LnC:*ase in dialectric constant. The dissipation

factor is higher than water (0.45 ve 0.05S at

108 1101 howevr,risertine is Limted by other '1'YJ i

factors. measuremnts on the system using -1 , 9 , I 1 9 ' I
.2 .4 .6 . 110 1,2

*zhylone glycol slow no signs of disson. (alTME.

2.4 Hybrid 'Lr*e S

Thu line --tself .s A hybrid with a sound

cantor conductor and a sqare outer conductor and

was chosen far two reasons: the Imped&Ace is about

5% higher than for a -ound line of the same sixeot

!.'at sides "ase the feed diaphragm design.>

2.5 Switch ?~

US~Y .3 Ali
The two =at ilotarant, declsions In switch -

selectton were whether to use (a) "a or liquid (b) .4 .6 .8
and (b) whether they are triggered or self* Figure 3 Voltage across line switch.



Trw comAnS tz-ggerin is, done with 4. 10- iportant functions. First, it provide& a current

stage 250-W trigger hwrX generator located in the tall to keep a switch conducting until tOe next

pulse -lIe on the Output slde of the switch. The pulse arrive*. Seomd, it provide an isolated

*ne. favorable trigger m1do. is achieved with a pith to ch rge and fire the list woItc trigger

negativv line charge and a positive triger on the Marx. which is done by winding the inductor with

VAI: field distortion trigger electrode. coaxial able,

22. P:x Gnerator Oe of OW three mrx generators is shown In

Figure S. IXt i a folde4 deeig with four heor-

.he circuit shwn Ax Figure 4 evolved ties ontal triggering WtXis. The thee bottom

the folloving consideration. It wes desirable to stage* are given slaultaasou. triggers. There are

have "he erected capacitance of the mrx generator 39 stages witA 007 uT m;ecitors charged * ad -

equal to the capcitaNce of the Pulse line and 50 WV, giving an erected capacitance of 1.6 nr.

fed in order to mininise the energy left in the Since a ten-oiute hold 0-ile charged ts sometimes

system at the time of firing, as the remining required. pain& are taken m eoure dry SF t in the

enexgy may distort the followlng pLise. switches and the oil is continuously filtered.

OLATrN -. whe Jitter is typically 10 n.

MARX
G|ANIATOR , •,.

Figure 4 Pulswringuo circuit

If a Marx prefires, it Is iportant to have

minimum oupling to adjacent mnes in order to

avoid sympathetic triggering. Therefore, the

isolation inductor was added to the fed to form

an L-C filter with the output capacitance of the

.%rx. This Inductor wes made equal to the harx

generator inductance, about 14 ulU, which makes the

half cycle ringup period approximately ,500 mA.
Figure 5 Marx gentator.

Equal Inductances and capacitences also make 2.7 Tbe Feed

the outpun of the Marx eneraor (neqlecti-9 stray

capacitanc half of the open circuit voltage mt cmfeed to the pa e line is ristical. Itnes conn the side of tim line and distributed
throuhout the rinqup pulse. Thus It is possible capacitance of the fee not be minimized to aoid

to reduce clearances and make the Marx generator pulse distortion. The design of the foed is shown

tanks small inouch to fit into the available space. in Figure . A polyurethane diaphagm separates

eparae .arx tanks made thu space problem more the oil and the ethylene glycol. It is tapured to

severe, but were required for Isolation, and for move bubbles me a low field regin. Th corona
entry t.o tha facil/.y. surfaces are designed to reduce the maximAum fie;.d

strength and direct it away from the dielectric
-he "keep alive" inductor serves two surfaces.
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SWITCH INDUCTANCE

CQMIENSATION CAAIACS
ISOATONFigure 7 Switch compeneedcn circu~t.

Figure 6 Vertical feod diagram.

The Isolation Inductor is placed in the oil

just below the feed to mLiiao the capecitasoc

taLasoon by' the line. Placixq the inductor In A

th lco a cosdered, but wit th hig& Figre Pulsellne ithout epoxy collam

Complicated fields near the line. breakdwn wasTh co~iac of the foo t~ ot to

fearted. hae. a sew*"e Leem 0S the weetaui. T.herefore,

:Ai Pulse un. Design epoxy cellars veto me" u fit ismund the feed
line iMAIde of the ethylene glycol tsee

Computations at Circuit Performance Slowed Figure 9).* Thoe collars reduced thes copecitance
that the -Ise far the first puls loed good but *Ru tocncte aeom

subsequent pulses were diegraded. Consequently, ol

extra capacitance before the switch wes

investigated as a means to Improve 'wivetia. It

-as thought that a tapered line wt one side should

give the beat wevefairs. but computations showed

t'~at a discrete capacitance on each side performed

be-ter. Therefore, the circuit shown in riguire I

was3 eeloyed.
.he value of CA W.8 selected for the beat ~ *

corputed vavetoz-As. The typical computed and

zeasured risatives are 13 :w for the first pulse,

16 -.a !oi t-.e second pulse, and 19 ns for the
third pulse. The Second and third pulses rise

faster than w~ould be expected f roe quadrature

addition of time constants. The actual pulse line Figure 9 Pulseline wvith epoxy Cohams
IS shown in Figure 3.
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In ord.r to minimsLze reflections at the end tranmaittii & pilot. in ea erating line. the

of the pulse and to connect to the load, a section feed capecitance is charged iltially and supplies

of lint wa placed between the first switch and too much voltsa AA the second halt of the

the termination resistance and load. To provide pulse. In a tra s itti , lime, the foed uncharged

the trigger for switch number I, this line also capacitance tend. to abeorb earqy tics the first

-as foeed. diaphragm, and isolation inductor. half of the pUloe. TM net result is a pulse with

M.e Liductor is about 30 UK, double the other a radlally different rise than tht for which 1ne

Isolation Inductances, filter wa initially tufed. however, the

reduction of capacitance in thm feed by '9,A addl-

W Zad Fi.ter tion of epoxy collars and the tunit. o the filter
gave acceptable waveforse.

Sunco the load itself does not peovide maft-

cient dampinj, resistance in series with the load 2.11 h

becomes Important (see Fiure 10). Hoever,

mlnt power is needed for the thersionic Another requirement is the ability to mar"

c.thode. A filament inductor maut theretore be either paLr of tm pulse or all three. The lne

used in parallel wLth the series resistance. In switch camms be umad because the tvo lines it

LOAD FILTER coemacts would be charged at the sam time, so

Filwt Inductor there would be n voltage on the switch. T.*e

zo St~ray camtnce serving sut therefore be done mechanically.

Ll~d Simply replaciny a switch with a tube at the line

Line diamotcr would result in a pulse which is too
loCOlod long. In oder to zveromt the" problems, a

bridge was deelmed with the sam averag

iductance Ad a shorter electrical length (see

Figure 10 Load circuit with filler. riurse 11 ). Thesm requirements wort et with two

acrylic slab vwith appopriate shapes holding
addition, the water resistor has high parallel them.

capacitance. Thus, a parallel RLC filer network

,s placed in series with the load. .here is

therefore opportunity to select the values in

order to enhance the mvtform. ?or good risetime,

the filter must be undordamped. owever, this

makes the performance sonitiva to rise.ima.
because the number of arc channels in a switch

varies with pulse charge voltag., switch pressure

and riggering, the switch inductance and thus the J"
pulse risetirt are a function of voltay. The

risetlm is also affected by the placement of

epoxy collars on the feeds. Thus, an additional

tuning sechanim is provided for waveform adjust-

ment.

2.10 Pulse Generation and the Feed Problem

The effecr of excess feed capacitance dspends

on whether the line section is generating or only Figure 11 Pulseline bridge.
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No ptisocipei 'suit saos have been The Ae-2 Pulsar is ak unique, complicated

oncoantered. -Vie first L's a Marx generator ystem. built to satisfy a detailed and difficult
prefire. Usually, neither the switch ahead nor spification. It is distinctly different from
the switch behind fires, so the liarx generator and pevious syrtene in the are"s of pulse gencration,
pulse line ring many tisee. When the voltage switching# trigering, and load matching. A
persists, either a switch %lace or a diaphragm may higher level of reliability has been needed than
eventually flash over and cause damage. The sa&e va cutmr in previous pulsed powe~r

problem can occur if the line switch fails to equpment. However, after encountering and
,'Ire. solving many planned and unplanned problems, the

L, order to protect alaist these failure system will soon be reedy for acceptance testing.

modes an adjustable diverter .witch in placed in

the line. It is spaced so that it will fire well The wveforu specifications are expected to

after the peak of the first charge cycle. be met on risetise, width, ripple, and
undershoot. The fall under some conditions has a

4.0 PEPRFONIA4CZ shor, plateau at about 25%, which makes the 90-10%

Figuare 12. a through do show t! parformAce time exceed 40-na Unwit. Wwaver. there is go~od

of the system under several conditions. 12a all reason to believe that tuning with the collars and

t!hXee pulses are at 600 liV. The pulse separations are filter can elimnate this problem. Fortunatelya

about 140 no and 90 no, respectively, which is less the use of thie Xind of puloor in other

that thea 110 rA minimuse timing required. These applications where impedance matching is sore

delays wore chosen in order to get all of thle straight forward would sake many of the waveform

pulses on one trace with a fast enough r~ep to problemsi easier.

show detail. 4Iote the plateau on the fall. - The aplitude Is loom then expected because

12b% pulse no. 1I -a -t 1.25 WV. The picture is a the capacitance of the pulse line is greater than

group of five traces overlaid. 12cs the first and calculated. However, it is expected that the

second pulses :mrged at 850 Wv. The- first wainivn xaximum output voltage will be about 1.4 14V.

froms line no. 1 is too deep, but has since been

lessened by tuning. 12ds all three pulses merged -.he technology developed in this project as4

at 050 MV been hard won, but appears to be quite valuable

a - a and readily useable in a variety of other appllca-
MEW tions.
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7.1

HIGH-PRESSURE SURFACE SPARK GAPS

W. 3. Sarjeant,* A. J. Alcock. and K. E. Leopold

Physics Division, Natanl' Research Council of Canada

Abstrac. an elementary model of the switch-closure phase.
The behavior of surface discharge switches at high The major point of interest in this device is the
pressures operating into laser and resistive loads significant hold-off voltages that can be achieved
has been -tudied. The experiments utilized the through high-pressure operation in contrast to pre-
spark gap as a transfer switch between a pulse- vious studies at atmospheric pressures.3'4'5

charged ethylene glycol transmission line, (30 ns,
1.4 r) and a 17-n low-inductance load resistor, as The switch and test geometry is shown in FOs. I
well as a multtatmosphere rare-gas halide laser. and 2 respectively. In order to test operation
The behavior of the spark gap breakdown voltage and with a resistive load and to eliminate the effects
number of channels upon charging voltage and gas that the laser might have upon switch closure and
pressure in the spark gap was studied in detail. hold-off, the laser head was filled with a con-
The spark gap operation under laser and resistive centrated solution of detergent in water and gave a
load conditions will be compared and related to a load resistance of 17 n1. A lower resistance was

order model of the gap breakdown. Scala- not practical as such materials as copper sulphate
.y to higher voltages will be discussed in the or acetic acid had previously been shown to have

context of this model. deleterious effects upon the laser components. The

switch has been described in detail previously,
2

Recent experiments with high-pressLre surftce dis- and the only change in this study was the reduction
charge switches have clearly illustrated their po- in the switch-electrode spacing to 1.27 cm in order
tential a! transfer elements between low-impedance to test the effects such a change might have upon
transmission lises and high-pressure discharge laser performance. At this narrower spacing, no
lasers. 1 Under pulse-charged conditions, such significant change in the laser operation was ob-
transfer switches demonstrate quite reproducible served when the gap gas pressure was increased so
closure simultaneity (<5 ns) at 40 channels per that the system breakdown voltage was the sone. In
meter and a switch-plus-laser hold-off of 150 kM.2  the tests of this switch, mounted as shown in Fig.
It is the purpose of this note to present the char- 2, the gap was pressurized with high-purity nitro-
acteristics of such a switch under resistive load gen, and voltages on both sides were monitored. A
conditions in precisely the same geometry as the small B correction (- 5%) was applied to the
laser 1oar. In this way it will be possible to oscilloscope-recorded data. The performance of the
correlate the perfurmance observed of the switch spark gap with the laser was checked in this
under both conditions, and we shall attempt to bring configuration, wherein the transmission line was
some physical understanding to the results through filled with ethylene glycol, (30 ns, 1.4 n). Using

*W. j. Sarjeant was with NRC when this work was in
progress. He is now a staff member at the Los
Alamos Scientific Laboratory in Los Alamos, NM
87545.
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Fig. 1. Scale drawing of the high-pressure surface spark gap.

LSER HE"A I W1CM LINTH

U P LS t C34AM ING UNIT

WlONl PRESSURE NURAE/
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Fig. 2. Schemiatic view of the surface spark gap test system utilizing a 17-41
liquid resistor in the laser discharge region as the spark gap load.
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0.4 uF as the storage capacitance gave a charging charging voltage (B). that the breakdown field

time of 90 ns at 95-kg dc. The output energy uas was inversely proportional to the square of the

then 0.8 J at a peak voltage of 150 kV and a gap time to breakdown. This is the same behavior as

pressure of 3 atm of nitrogen. It must be pointed was found in the laser case at high-charging

out that the laser energy was a slowly varying voltages, and wt will sketch a rough model for

function of everything except the laser gas composi- this behavior presently. At the lower voltages,

tion. For this reason in particular, it was decided the breakdown voltage per channel varied linearly

to study the spark gap characteristics under resis- wth nitrogen pressure as illustrated in Fig. 4,

tive load conditions as described below. as .he charging voltage varied from 35 to 95 kV.

In orler to assess whether or not the absolute dc

The breakdown field in MV/m was first studied for chargis., voitije had any effect upon the breakdown

,t two fixed dc voltages shown in Fig. 3. The voltage, a single e...eriment was carried out at I

field was calculated from the voltage across the atm of nitroge, gas presture In the gap, and the

spark gap at breakdown and the gap spacing. No data are shown in Hig. 5. hote that only a slight

field enhancement was incorporated into the calcu- decreasing trend is evident, indicatin% that the

lated field. For both sets of data, a linear rela- breakdown electric field, increasing with dc volt-

tion was expected,2 but not observed for the lower age, is being scaled by some other parameter. As

voltage case. It was also observed, for the 95-kV a result of circuit characteristics, the charging

a 4 0 14 - p

dc CARGG VOLTAGE de CHARGING VOLTAGE
A- 35 kV A -35 W
1- W hV 8-"V

6 03 "

* A 3

,- - Ll
00 A 

o- 
A

0 2 3 0 1 3 4
NITROGEN PRESSURE IN SPARKGAP-ATMOSPHERE NITROGEN PRESSURE IN SPARK GA7-ATMOSfHERE

Fig. 3. Breakdown electric field, E. as a function Fig. 4. Breakdown electric field per channel. E/n,
of the nitrogen gas pressure in the surface for two dc-charoing voltages. At a charging
spArk g ap for dc-charging voltages of (A) voltage of 35-0) dc. E/n - 0.04 P(H + 0.1I
35 kV and (B) 95 MV The breakdown elec- an t9 V /- .I"I .i. in
tric field increases linearly with gasanat9kV /-0.1P2+00
pressure (E - 1.4 PHI + 3.0) at the higher both cases E/n increased linearly with gaD

voltage (B). 2gas pressure.
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'" 'E. 2 d-1 - 4,t 1 (3)

wNre the gap spacing, d, is in meters and the gas

pressure is fixed at 2.5 atm. Since the detailed 0
operation of this gap has not yet ben measurpd

nol for long charging times (-microseconds) and other

gATMO hJC~rMTMO6-N gas pressures, the parameter limits at which

Eq. (4) fails remain to be determined.

During the study of the gap hold-off for this

resistive load, it was felt that a first-order

00l model was necessary. Let us consider the gap
OC u W4-W breakdewn phase for one stremr. Suppose this

Fig. 5. Ratio of the breakdown electric field to stremerwre constrained to drifting across the
the dc-charging voltage as a function of sti
the latter for a fixed gap gas pressure of gap surface t some drift velocity, vd, and
I atm of nitrogen. The data show a slow furthermore that this velocity remained sensibly
decrease as the charging voltage approaches
0.09 MV. constant during the time to breakdown, .. Then

the electron current density in the streamer is

time Is decreased as the charging voltage increases roughly given by6

and experimentally

j- ne e vd (4)

where n. is the electron density and e the dec-

where V is the breakdown voltage of the spark gap tron charge. Now one an further postulate that

in kilovolts and . is the time to breakdown In this current density is directly r'lated to the

nicroseconds. This can be converted to field units Piectric field, E(x,t), a conductivity a and a

tHV/m) by dividing by the gap spacing so that field enhancement factor, ,, as

. 005 : 0.01 (2) j - E(x,t) a (5)

Thus, the increased breakdown field, E, is obtained In this model, x is the distance frrm the positive

in this case through a faster charging time, for a electrode in the spark gap, and Its maxlmum value

"ixed spark gap nitrogen gas pressure of 2.5 atm. is J meters. TaIi charging waveshape Is increasing

It is Interesting to speculate upon the behavior of line3rly with time, as determined experimentally,

this constant on the right of Eq. (1). For the so that,

same charging iaveform risetime, gas pressure and

charging voltage but a gap spacing of 2 cm, this E(X,t) - E(x) t A , (6)

constant was found to be 1.2 even though a

water-filled transmission line was employed.2  where A Is a constant, We are now going to assume

t -ay be then that this approximately linear that E(x) rcsiatns constant at E as x varies from 0

variation In the constant with spacing is a to d. Lastly we will take the mean drift velccity

fundazental oarameter in surface gaps. If Eq. (1) for the streamer as

of this "ote and Eq. (2) in the study with the

'aser load2 are divided by the gap spacing, then vd , (7)

in the field units
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Since J is the sat in Eqs. (4) and (5), a relation- Further riasurements with various gases and gas
ship between the parameters can be obtained by exe- mixtures may well show that significant improvements
cuting a double integration over x and t. Hence, in the device performance parameters Are feasible.

for a fixed spark-gap nitrogen gas pressure
0 d - d , Acknowledgments
fyfne eyd dt dx - c C A E t dt dx , (8) The authors wish to acknowledge R. S. Taylor for
00 0 0 his assistance during these experiments and G. A.

or substituting for vd using Eq. (7) and perform- Berry for mechanical fabi-ication of the prototype
ing the integration yields surface spark gaps.
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E rTd-1 • a constant. (I1) and Various Gases," AWRE SSWA/JCM/745/735, May

1974.
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7.2

PARALLEL COMBINATXONS of PRE-IONIZED LOW JXTTER SPARK GAPS

W. A. FZTZSMLMONS and L. A. ROSOCNA

National Research Group, inc.
P. 0. Box 532l Madison, Wisc. 53705

Abstract

The properties of 10 to 30 kV four elect- b)Tha subsequent closing of the anode-
rode field emission pro-ionized triggered trigger gap, followed almost 3imediately
spark gaps have been studied. A mid-plane by the closing of the trigger-cathode
off-txis trigger electrode is biased at gap.
+Vo/2, and a field emission point is loc-
ated adjacent to and biased at the ground- The above sequeace can be observed by mon-
ed cathode potential. Simultaneous appli- itoring the trigger electrode potential
cation of a -V, trigger pulse to both the during the application of the trigger
electrodes results in the rapid sequential pulse. As shown in Figure 2, with the
closing of the anode-trigger and trigger- closure of the anod-triguer gap the trig-
cathode gaps. The observed jitter is ger potential rapidly rises to a value
about 1.5 ns. Parallel operation of these roughly equal to +V . This results in an
gaps (up to 10 so far) connected to a com- overvoltage appearing across the trigger
mon capacitive load has been studied. A cathode gap that results in the closure of
simple theory that predicts the number of this gap and the return of the trigger pot-
gaps that may be expected to operate in ential, in this case, to slightly less than
parallel is discussed. +Vo/2.

introduction

One of the present problems in high volt-
age technology is the construction of low ANODE HODE
inductance iigh voltage switches that may
be operated at high repetition rates for 4VO
extended periods of time. The parallel
operation of spark gaps switching a common
capacitive load nay be a step toward re-
solving one or more aspects of this pro-
blem. Spark gaps can be operated in para- T(
llel if each gap is pro-ionized thereby we"zer
avoiding the statistical lag time that
results in large jitter times for most Figure 1: Electrode Arrangement in Gap
triggered spark gaps.

*-' have studied the operation of the four I I I a ' a a
electrode arrangement shown in Figure 1.
A mid-plane off-axis trigger electrode isV
biased at +V,/2, and a pointed field nas- Anode-Trig. Trig.-Cathode
sion elect:oce is located adjacent to and Closure Closue
biased at the grounded cathode potential. + V
Simultaneous aolication of a -Vo trigger w 2
pulse to both the electrodes results in W
the following rapid sequence of events:

alThe small jitter photo pre-ionization
of the anode-trigger and perhaps the 0
trigger-cathode gaps due io the low
7itzer electron emission and weak lum- 2 I I ! a a a
incus excitation of the sas near the 5ns/dlv
-oint.

Figure 2:Trigger Electrode Voltage
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A second and important characteristic of
triggered spark gaps ic the performance at V/Voop cosut 1 -twy 2 /2 4 (1)
reduced applied voltage. If Vo is defined
as the nma. hold-o!f potential (for *x- Based upon our measuze ents of an individ-
ample V. may be 10, 20, or 30 kV etc, ual switch as shown in Figure 3, If V is
depending upon the pressure in the gap), the maxirnu- bold-off voltage, then when
then it is useful to measure the spark gap V/Vo o 0.75 the individual switchus become
jitter time 'C. and the firing delay time very erratic and no more switches may' b
as a function'of V/V where V is the ap- expected to close. Thus the last or .h
plied DC voltage. T~e results of such switch fires when:
measurements for the gaps we have been
studying is shown in Figure 3. The basic Ur--2/2 U 0.25
conclusion that nay be drawn from Figure 3 or
is that when V/V drops to about 0.75 or t X (0.S) 1" .
less, then the J/tter suddenly becomes
very large and the gap is no longer work-
ing properly. Observation of the trigger If the switches in the array are well xep-
electrode potential during the reduced Arated so the inductance of N switches is
applied voltage experiments indicates that L /N, where L is the inductance of an.is-
when the Jitter suddenly becomes very large o ated switch, and taking ZZ; (IN/LoCW,
(near V/Vo s$ 0.75), the closure of the whue C is the total load capacitance,
trigger-cathode gap has become very erra.tic. then the number of switches that will close

is given by:

ELAY For the switches we are studyInq the jitter

S.75 - time "j Z 1.5 ns. Thus

Vo.50 . * JITTER N - 0.5(LoC) ', (4)

I where Lo and C are the individual switch
inductance and total load capacitance inI nH and nF respectively. Given below is a,'J comparison between experiment and theory

' , ,, 15 for the switches we have studied so far.0 5 to 15
TIME(ns) M UMBER or

CASE SWITCHES N w 0.5(LOCh
Figuze 3: Firing Jitter and Delay Time THAT FIRED

vs Applied Voltage. Le 3OnH 4 to 5 out of 6 5
3nF

Theory
TL

o  30nH 9 out of 9 17
Before discussing our experimental result5 C 38nF
concerning the parallel operation of these
spark gaps, it is perhaps best to describe 30nH 7 to 8 out of 9 S
a simple thoory that predicts the number of 8.4nF
gaps that can be made to close under given
experimental conditions. La : 30nH 7 to 8 out of 15 7.5

7.5nF
Suppose that a large number of spark gaps
are connected in parallel across a common L : 30nH 9 to 10 out of 15 10.5
low inductance capacitive load. Assume, 8 - l5nF
with an applied voltage Vo and appropriate
triggering, that 11 switches are observed L - 39nH 5 out of 5 9
to close wnere N is less than the total 8 - 8.lnF
number of available switches. Starting
with the first switch that closes, the L w 39n 4 to 5 out of 5 5
total time required :o close N switches is 8 - 2.7nF
approximately _(M)3, where T is the
Jitter time for 'ndividual switches.

As the first of the switches close, the
voltage across the remaining open switches
begins to decrease according to:
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Expari=ent Figure 5 is a photograph of a later version
of a 6 element switch for which the first

The experiments were carried out by mount- element is actually switching a built-in
ing an array of four electrode spark gaps lumlein structure that generates the trig-
In a long square (IN* x IN" or 2" x 2") ger pulses for the ramaining 5 elements.
plastic tube with a spacing of 2 inches The voltage across all elements is the
between switches. The capacitive loads applied voltage. This arrangement has the
were somet!es large flat aluminui4 plates, advantage that the trigger or comand *l-
or In other cases a row of barium titinata ;mnt can have a slightly smaller gap spac-
capacitors closely coupled to the anode ing. Thus a free-run(or not external trig-
and cathode of the switch array. The gored) operation of the switch will result
trigger and emission elect--odes were each in the triggering of all gaps, thereby
supplied with individual coupling capacL- preventino the accidential transfer of all
tars energi:ed frvn a coon pulsed bus- th. charge on the load capacitor through
bar. The electrode spacings were about one of the gaps. The spark gap array shown
1.5 to 2 =-, and the operating pressures in Figure 5 has '" dia. 30% copper-70% tung-
for the gaps ranged between 0 to 30 psIg ster electrodes, and it has been operated
nitrogen for voltages between 10 and 30 XV. at voltages between 10 and 35 kV,
Easy access to the trigger electrode was
found to be important as this electrode Most of the switches discussed in this paper
sometimes needs to be adjusted in or out have been operated at repetition rates up
in order to tune-up the array of gaps. to 60 Hz, and in somes cases for as long

as 20 million pulses. Figure 6 is the open

Fiqure 4 Is a photograph of an early vor- circuit output from a flat plate Blumlein
slon of A 15 element array. In this case charged to 20 kV and being switched by a
the electrcdes were I/8" dia. l thoriatd 9 element array at 60 11Z. The capacitance
tungsten reds. The small diameter e!e- being switched is 8.4 nF. The curve shown
trades proved unsatisfactory for voltages Indicates an inductance and resistance of
above 20 kV, and the measured tungsten about 3.7 nH and 0.075 Oms respectively
wear rate of S x 10- 5 gm/Coul (1 atom per for the 9 gap array.
40 electrons) was a bit large. It was
observed that only the anode suffered sig-
nificant wear, perhaps due to the addi- I
taonal trigger energy absorbed by this gap.

Open-Clrcult

Blumirtan Waveform
9 Parallel Gaps 0

"0

V

Fiiura 4: Early version of 15 element 2Ons/dlv
triggored spark gap array.

'Fqre 6: Open Circuit Output of Blunlain
Switched by 9 Parallel caps.

in su-mary, we have studied the parallel
operation of pre-ionized triggered spark
gaps, and we have investigated some of the
criteria that must be met for successful
operation of these systems.

Fjure 5: Later version of 6 element
spark gap array having a built-
in Blumlein trigger generator.
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A SThL'4EX MODEL NOX HIGH VOLTAG V ATER S,,ITCIrZS

r. J3. SAZAXA &nd V. L. KWN III

Naval Surface Weapons Center
Ab c hie Oak, Silver Spring, F~ry!and 20910

Abstract

An electrital switch model for high voltae VSter previously though: to be due :o switch closure
switches has been developed which predicts strsamer- occurring near the roundtd peak In the pulseforming
switching effects that correlate well with va,ar- line's resonance-charging vaveform. However, care-
swizch data from Casino over the past four years and ful veasuremnc of the Marx and pulseline electrical
wlzh switch data from recent Aurora/AMP experimets, parameters revealed that the switch-rounding effect
Preclosure "rourding" and postclosure resistive was entirely Independent of the rounding associated
damping of pulseformLng lint voltage waveforms are vLch the resonant charging peak (Yijure 2). Round-
explained In terms of spatially-extensive, capacl- In& is thus a normal characteristic o! wate-switch
tive-coupling of the conducting streamers as they closure. Closure waveforms from gas svLtchsA b#in;
propagate across the gap and In terms of time- tested on Casino confirmed that swLch-rounding was
dependent streaner resistance and inductance. The much more pronounced with the water switch than with
arc resistance of the Casino water swtcch and of a the gas switch. -his prompted formulation of a =ore
gas switch under cesc on Casino was determined by complete electrical modal for the switch which
computer fit to be 0.5+0.1 ohms and 0.3+0.06 ohs postulated conducting bush/screamer formation as the
respectively, during the iz of peak current In origin of these observed electrical effects. In
the power pulse. Energy lost In the water switch this paper the switch screamer model which was
during the first pulse is 18: of that stored in the develosed Is described and then applied to switch-
pulseforming line while similar energy lost In the voltage vaveforms from Casino and Aurora/A .
gas switch is 11:. The model is described, computer
transient analyses are compared with observed water The Switch Hodel
and gas s-titch data and the results - switch resist- lecent observations2 of prebraskdovn evtnti In
ance, Inductance and energy loss during the primary transformer oil with small Q me) polnhti.sne gaps
power pulse - are presented. reveal that slctiple electrical pathways or "bushe&"

grow subsonically frou the cathode point. After
these bushes enlarge a distance which Is usually

Introduction about one-half the gap spacing or less, a super-
The generation of terawatt pover pul2ts in high- sonic streamer bridges the gap. The screazer
current relativistic electron beam machines is apparently eanates from the bush. Additional
limited primarily by the performance of switches observations' In nLtroben:ene by means of Kerr
at the input and output to the pulseforaing line. fringe paccarns directly confirm that (1) the
Currently water-arc switches are most commonly used cathode bush Is a conducting medium and (2) there
in thase machines ind are expected co dominate high- is no space-charge distortion between the leading
pover switch technology for some time. One of edge of the bush and the opposite plane electrode.
the major deficiencies of water switch cechnology
is the lack of a suitable model which accurately U'hen the point electrode is made positive with
describes switch performance. The experimental respect to the plane only A supersonic tree bridges
difficulties of accurately measuring the resistance cth gap. Positive streamer studies In dielectric
of :he water arc and the energy dissipated in the fluids for gaps between 6 and 25 = have furthermore
switches in an actual accelerator are considerable. revealed that the positive streamers are propagated
This research was directed towards achieving a at constanS velocity for at least up to 90Z of the
better understanding of water-switch electrical total gap, Propagation velocities were found to
behavior at Casino and Aurora/'P with the ultimate be proportional to the applied voltage and to
goal of aiding the development of high-poer decrease with i:creasing gap. The fact that
generators with Improved power output and energy- positive screamer velocity depends upon the gap but
transfer efficiency. noc on its position in the gap suggests there exists

a regulatory mechanism whereby the field at :he
The CaLino generator (Figure 1) has a single output &:reamer tip remains constant.
water switch from the pulseforming line Into a
transformer and diode load. A review of :he These research results were put into quanti:atlve
pulsefor=ing line voltage measurements taken electrical terms for switches such as those on
routinely during the past four years reveals that Casino or Aurora/AMP by positing that the positive
the tip of the waveform near the negative-voltage tree-screamer behaves capacitively as if the anode
peak is occasionally rounded. This rounding was were supersonically moving toward the cathode at
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the ret-scretaer growth velocity JFiturt 3-top). pa tet gentrator model derived from the dLstrib-
The electrical -cdel uhich was developed to represent utlve coaxial line model vith a madeled or "real*
this tfect is Ahon In tigurv 3-lover. The model input switch as dencribed here (Figure 2-lover)
jesccibes An anode-scretMr ss.ttch which transfers and an Idtil, losulesa, instantanecusly-closing
energy from A negatively-charled pulseforting line output rA"cch are shown in Figure 6. The middle
connected ac node A to a cransfvrm4r or dLode cu&-4 Is the predicted voltage uhen A streamer
connected at zode 5. resistance R o62.45 ohms Ad a propagation

velocity of xiO eters per second are used In
.e coponens R and C represisnc the undisturbed the input switch model. The lowest curve is the
watsr r4sistance and capacIcanc4 of the gap and are predicted voltage uhen both output and input
coupled by :he relationship, switches are Ideal, lossless, Instantaneously-

S€closing switches. The upper curve is the available
RXtC -- -.asurd data which did not extend be/ond 2.l0x10"0

seconds and usa replaced Arbi-marily by a seon
vht:4 C and 7 art hth watt: p4MicLv~cy and con- baseline in this region. this iurprisingly goodJuctlvey respectively. Stitirly I And Con fit co the observed waveforx vas achieved solely
represent the undisturbed rter .l I ane on the basis of assuming an input swvtch stcreamer

aresistance of 2.45 ohms "hich vas scal-W from
capacitance from the Anode treelstreusr tips *J the Casino t witch ausults. M equally .od

the cathode at A. X and L represent Ct equivalent f
bushIstresaar resitince 3nl inductance respectively. fit to the observed pulsolLne volt.ge can be
It is assumed that an onset time exists before which achLeved by using a "real' ouctut switch as
no anode t:e structure txtscs In the Isp. At dscribed In this paper and priting preclosute
insans o t e stutbore esset only cth onents t volume-extensive capactive coupling to the down-
snd C Are o tcted on the modl and IoenVs- streim transformer sections. Consequently the
and Cu arL dconnecedin te n 1vs I wI significant reduction (%201) in peak pulse Ini

A rvoltage from chat of the ideal-input, ideal-outpu:

Avolicaton :o Casno witch predictioi, can be explained equally veil
Th e wtch moel ws iseted nto the Cino lmped by two distinct mchanims: input switch post-

parzaeter generator modal uhlch was derived from the closure resistance or output svitch preclosure
4xIst~ng coaxial line modal for the accelerator, capacltave coupling. Mien additional screamer
Computer predictions of the transient pulsellae propagation information for the switches and post-
voltage preclosure "rounding" and poseciosure closure daaped-vaveform data has been obtained the
damping effects vetra then comparae vith observed relative iupo ince of these two mchanism vill

volta;e vaveforms for the water switch (Fagure 4) undoubtedly be esblished.

and A gas switch being tested on Casino. ?re-
closure rounding vas eal fit by invoking volum- lesultcatx~es~v caact~vcoul~n beroa th n, - Au electrical streamer-switch model, has been
etecnrcd Anode ities and eten the swtch developed and successfully applied to (1) :he

cathode. This volume-extensive coupling required Casino high-voltage water switch and (2) a gas
:hat :hd entire active switth volume be evetually switch under test In the same accelerator.

filled wich conducting branches and pathways Spatially-txceiotv, capacitive coupling of

# ushes and trets). For the Casino water svinch, supersonic tree/streomers traveling at 5 x 10
5

;ropAjatLon velociSY for anode tree growch wea meters per seconl for the water switch and

:aken to be 5 x 10 eters per second based on travelang I x 10' meters per second for the gas
estimates from Casino water switch closur*-tie switch successfully explain the observed preclosure
'easuraemnts. For 7the gas twitch a propagation rounding effscts. A time-dependent stresxr-arc
veloc~ty of I x 10 meters par second vas necssar, resistance and inductance uas required to predit
zz ft :he observed preclosure rounding. To obtain the observed postclosure pulselne voltage peaks
g:eemenc in the poscclosure vaveform region it and frequency. The arc resistance of the Casino

was necessary for R and L to take on the time- water switch and of the gas suir- vas determined
dtoendonc values sh~un in figures A and 5. The t.as by computer sensitivity calculations to bt 0.5 1 0.1

,t. c, c.and c, are respectively the time of ohms and 0.3 + 0.06 ohams respeccitely, during che

atrea~er 3 se:, sE ea:er closure, first voltage atime of peak current In the pover pulse. Enerry

raximum And second voltae minimum. Peak current dissipated In these utcer and gas switches, alto

passes through the switch becueen c And c hence during the first pulse, vas 19.9 kJ and 12.4 k
the wtch ,osistance and inductanc durinipchac respectively out of 110 U stored in :he pulseline.

t!-e Interval are critical to paver output and
energy transfer. These values imply the lack of An extension of Chese results to Aurora..P has
zurrent sharing between screamer paths in lace cie succeeded %n matching the observed vaveforms and
as a rosult perhaps of some paths becoming ox- computer redictions suggest that to streaMer-sultch
:1nguished. mechanisms, arc-screamer resistcance In the Input

s&iitch and spaclally-xcensive screamer capacitance
Applicacon :o Aurora/A.%T in the output switzh. are playing mportant roles
The urorai'P generator dWfers significantly from in the pulsed-paver produced by this generator.
Casino 1n that tvo suitches- one at the input and Accurate deacripcion of the AuroraIA.'P pulseformng
3ne at :he output of the pulseforming line - are line voltage requires more accurate experimental
critical. Computer predic:ions of the pulseline determination of the streomer propagation velocIc7
inlcage vavefor=s using a Aurora/4P lumped- In boch Input and output switches and a deter=ina-
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ticn of the poszelosurt damped vAvefor.s to: the
systt.

Conciusions

The role oF svi:ch steansers in accounting for the
povr output and energy balance in pulse power
accelerators has baen more clvarly established by
%he introduction of an electrical screasr-svitch
model which describes the electrical effects taking ,_.__-"_-_-
place in larte-area. high-voltage water switches. a
1h~s screamer switch model reflects %he Importance ~I
of arc-streaer n echanisms in the breakdown of the - O--..1"
water Insulsnt. Streamer effects art of bvious
i=portsnce in elucidating the mechanisms of
electrical breakdown and, as illustrated by this I , .
work. are also imPor:ant in establishing the .... ......................
elictrical effec:s of those breakdown mechanisms %".W

in lar&# machines where propagation velocity Is
A Controlling factor. It is hoped that twitch
models as herein proposed, will become useful tools
in the I:provement and future design of pulsed-power
accelerators.

Future Wor: with this model is being focused (1)
on ics application to AurorkA'M and other machines,
(2) its application to the developsen: of hilgh-powtr Fig. 1. Section view of the Casino generator.
gas switches, And (3) on :he development of current-
depetudent components that are consiscont with
streamer channel formation etrigies and hydrodynazic
shock effects in water.
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Fit. 3. Positive c:.%t storh showing heavy screamer Fig., 5. P , I voltage for as swlivtch under cast
channels chat eventually form (top) andi the on Casino omparing7measur4 H-. and
altccr cl swirch mdel of the protess model H with WO1 mets per secondl
boctom). screamer propagation velocityv and a

switch gap "0.529 meters.
14 4.I.4

"'w. , olcAte roc the Csino atea scch r F13 . 5. f . voltage for Aurora/ aster switches:hacln heasured (-) and mode (-4 aith copaCin (- and --odel 0-4 Ma inutSx(o5 mces per second screamer props- sitch screamer r es cnce R as taken33ci.cn '.!oc!t'- and a switcch gaP t o be 2.45 ohms whll the output spwtch

1.219 zeere:. was Ideal. Dashed curve is pil voltage
ift both input and a'ucpuc switches are
iLdeal.
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Low Prtpulse, lMgh rower Density Vacer Delectric SwLtchingA

0. L. Johnson, J. P. VanD*vender and T. H. 4artin

Sandia Lab tories, Albuquerque, Ntv Xexico 57115

Abst:sct Description of Switch

frepulsa voltage suppression has proven difficult Hodels of a flat plate pulse forming line, switch.
in high power, high voltage accelerators employing and output transmission line are shown in Fig. 1.
self-breakdown water dielectric switches. A novel Figure Ia shows a conventional switching system and
and cost effective water switch has been developed Fig. lb shows a system with a ground plane becwten
at Sandia Laboratories which reduces prepulse the switching electrodes. ly inserting the ground
voltage by reducing the capacity across the switch. planp., much of the stray capaci:ance between the
This prepulse suppression svitch causes energy PFL .-.d the output line is diverted to capacitance
formerly stored in the switch capacity and dis- between the PFL and ground. Energy previously
sipated in the art to be useful output energy. stored in the capacitance between the M and the
The switching technique also allows the pulse output line was not available for the output pulsi
forzing lines to be stacked in parallel and elec- because the switch shorted that cApicitanct. Vith
trically isolated from the load after the line has the ground plane inserted, this energy is now
been discharged. available for the output.

The switch consists of a ground plane, with several now
holes, inserted between the switch electrodes. ,..

The output line switch electrodes extend through
the holes and face electrodes on the pulse forming
line (MlL). The capacity between the MlL and the
output transmission line is reduced by about 80 per- 

l l 06

cent. The gap spacing between the output line
electrode and the hole in the ground plane is
adjusted so that breakdown occurs after the main
pulse and provides a crow bar betwen the load and ,.
the source. Perforvance data from the Prote 11, .Hite and Pippls test facilLties will be presented.

Introduction

A prepulse voltage, arising from the capacitive b
coupling between the pulse forming line (PFL) and
the output transmission line during the PFL charge Fig. 1. a. Convensional switching system.
phase can cause erratic diode performance on high b. Switching system with ground plane.
voltage accelerators. Elimination of the prepulse
has proven difficult. Several techniques have
been employed to reduce prepulse; for example, two The electrode tips of the switch are field enhanced
or more switches can be placed in series separated so that the breakdown streamer channels originate
by sections of transmission lines, plastic barriers from the negacive electrode. Electrode spacings
with gas switches can be inserted in the transams- can be determined from the following relationships
sion line, and transmission lines with oil dielec- derived from J. C. Martin's forlula for the average
tric insulation and switching can be inserted in screamer velocity (U) in water.
water insulated accelerators. These prepulse
reducing methods involve costly additions to large
accelerators. 'his paper describes an inexpensive d - 4.02 x 10"- VBD1 .1 teff 23 (.%S units) '(1)
and simple switching technique which reduces pre-
pulse voltages.

where teff is the time that the voltage is above
63 percent of the breakdown voltage VBD and d is
the gap spacing.

*This work was supported by the U.S. Dept. .f Since field enhancement on the edge of hole is

Energy, under Contract AT(29-1)-789. greater than that on the rod, the diameter of the
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hole in the ground plane can be determined either
fran Eq. 1 if the system is cha;ed positive o.
from the following relationship if the system is
charged negatite:

d - .022 V30 *6 ta1 W 2  (21 )

where the units are the sae as in Eq. 1. The hole
O.azeter and field enhancement should be such that
breakdovn betteen the ;round plane and the output
tnt tlttrode originates fro* the $round plane

ind occurs after the PFL pulse hai ended. Atear
bcensdovn the ?fl and its charging source are then
I8ol0ted from the load.

The nu ber of switching points can be determined
fron the following relationship':

zO'.so/(d% SD/dc) 0 01 rtoa 0.5 --t (3)

uhqrt q is the fraction standard deviation of the Fig. 2. H1ite pulse forming lines And switches.
breaidovn voltage (V5) of the switch, dV 50/dc
is the rate of charge on the switch at breakdovn,
-oti l is :he switch rLsetine and reran s is the
trinsit time between switch points Svqn by A V'z/';c
for A switch vidtg I in a dielectric with constant
C ind c - 3 . 10 m[s. Typical values for a are
,t.l to 0,03." he swL;ch e-told risetime is
given by the following:-

7L 2 232 112
COt41 (, 3A3 ()

where L is the inductance per switch channel, 1 Is
the stu of the PFL and output line impedances, and
S is :he mean electric field in the switch.

xesults and Discussion

Mviple and M.tat
Fig. 3. Upper trace - ?. charge voltcot.

:n~tttl testing of zhis svltchLn;.technique vas Lower trace - output line voltige.
tne 3n :he Upple cst iaaillty." A prepulse
aedu:ion of a factor of 5 uss achieved with :he
installation of the switch ground plane. These Flgure 4 is an open shutter photograph of the
:e:ults pro:pted t e adaptation of the switches to switches during breakdown. Note that All 10
'e '!It: facIi:y. Miite is a testbed for develop- switching points have closed and that most of the
iag 4 high power accelerator 3odule for Sandia's switches have closed to the ground plant. Since
elerc:on bdeam fusion program. Figure 2 is a the output pulse duration was not shortened, the
;hotagraph af the Mite pulse forming lines and around plane closures occurred after the pulse.
awi.Lhts. There are five 12.7 = diameter elec-
trodes per PFL extending through 10.2 cm diazeter An advantageous feature of this switching technique
!goles in :he ground plane. is the ability to connect the pulse forming lines

In parallel as shown in Fig. 2. Power densities
%i;urt 3 s an oscillograph of the charging voltage in the output transmission lines are, therefore,
;n the PL and the voltage in :he output :ransmis- increased. During low volcage testing of the
slin line. The char;Ing waveform is a (1-cos wt) lines and switches, a pulse was fed through the
vaveshavte -,th a switch breakdown at 2.3 14V and ground plane holes of only one PFL and the voltage

a , j' ns. sin; :hess *alues In Eq. 1 an on each side of the output line was monitored.

eNEtrode separation of 80.3 == is predicted ghIch The :wo voltages measured were within 85 percent
is z ar: alse to :he actual Zap spacing ot 82.6 =m. of each other. The effect of *Lsadjustment of the
.he measured 10-90 percent rlsetlne of 22 ns is two sets of switches or abnormal switch Jitter
also in joad agreement ith that talculated from between the two sets would, therefore, be lessened

by this mixing process.
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gable I lists the fractional prepulve an line 2 and
te output line With and Without groMnd Planes,
nornalized to the line I ctharge voltage. 'The data
was obtained during low voltage (50 MV pulsin: of
the FrL. Case I is with switch 2 cloW to the

* lint 2 and output voltagts are the seat; cse 11
ifs with switch 2 spaced such that Ir acts as only- ~ a propulse switch; and cast III Is witch the switches
Adjusted for a short pulse code of operation.

TASLE I

* Comparison of Prepulst Vol:ages on ?rot* 11

Normali:ed to the Line I Charge Voltage

with ground plant w/o ground Plant

Cast 1. V lin* 2 3.7 X 1.0- 1.6 X 10-2

V output 3a7 Y 10 1.6 % 10-:

Fig. 4. Open shutter photograph of '1ilte switch Case !I. V line 2 1.7 x 1C-2  I.C -_t -

brakow.V output 1.4 x N4 3.0 X .-

N:ot shou- in Fig. 2 is 3 second for of switches at Case UX. V IneI 2 2.5 x lO0- 3.1 X lC0
the end of the output line. The switches art rod-
to-plane water dielectric laps without a ground V output 7.1 X 10Q3 5.7 x 11"

* plant shield and spaced at 6.35 an. The measured
prepulse at the diode was 6.4 kV or 0.28 percent of
the 2.3 n.' charge voltage an the ULt. Righ voltage testing in the longt pulse nodt using

switch 2 as a prepulae switch (this corresponds
Proto 11 with cast 11) was done at 2 WV charge on1 line 1. A

prepulse of 5 kV or 0.25 percent of the line I
Figure 5 shows cross sectionax views of the charge was seascred. The factor of 13 higher
Proto 115 pulse forming lines. Sixteen of these prapuls e asured Is attributed to a capacitive

*comprise :t full Froto 11 ?FL network. The dC/dt effect of the breakdown streamer as Its
nathine may be operated in two modes--a long pulse leading edge approaches the output electrode. The
code using lint 1 as the PTL and a short pulse enhanced prepulsi dut to this effet, however, is
code using line 2 as the ?t L with line 1 as an shot, compared to the line 1 charge time and appears
intermediate storage capacitor. In the short as a foot on the leading edge of the output pulse.
pulse mode enly one switching channel per PYL Is
used In switch 1. The prepulse on the output line Conclusions
consists of two parts for the short pulse mode.
-.The voltage waveform of the first follows the line This new switching technique has proven to be An
I charge voltage and lasts for 250 no until switch 1 effective and Inexpensive method of reducing pre-
closes. During the second part, the voltage follows pulse voltages on high voltagi Accelerators. The
the line 2 charge voltage and lasts for 60 ns switches easily allow two or nore pulse forming
until switch 2 closes. lines to be connected in. parallel for increased

power density.
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Abst cract 1

The TEXT Tokasmak required the detVlopaent of 4 4
special contact for pulsed high currents fo. the
split coils of the poloidal system at a location

whfich Is highly Inaccessible. A solutlon was
found In chie form of a special plug contact. A I U"
prototype was tested to the failure point using c +
the discharge of a homopolar mchine.

and the results are evaluated in view of other

uses such aj larger contacts and switches. J

XItroducri-n

The Texas Fusion Plasma Research Tokasak (TEXT) Fit. 1. Croix secton of TT

has In Its poloidal coil system six turns inside 1. Iron core
:ha toroidal coil sytcn which wre dictated by 2. Toroidal coils (16)3. Outer poloidal coils
magnoeic field considerations (1). &. Location of torque frae

5. Torus and junction boxesDue to the geometry of the TF coils, the site of 6. Inner toroidal coils
the toroidal vessel and the connection boxes these
colls are inaccessible to the point where they can sections are joined around the central core. Elec-
only be viewed through a mirror and where access trical contact plugs connecting the coil turns
with tools as woul.d be required for a conventional appeared to be the bcst solution. Such a plug must
bolted joint Is Impossible. The current in the coil be able to a) carry the current with an ample factor

* has a peak value of 10 kA and a duration of approxi- of safety; b) have some flexibility to accommodate
rately 300 ma followed by a 200 m exponential zisalitnment and inaccuracy of position; c) be
decay. One shot every 120 a is anticipated and the capable of an axial play of approximately : 118 in
heat effect (i 2 dt) is .4 107 A2S per shot. on account of assembly tolerances and che-rmal ex-

Me Tokamak will be assembled in two halveq pansion and d) ft into a very limited space.
0 separate fron the central Iron core. In this con-

figuration there is sufficient access to mount the Design

inner poloidal coils which are fastened to a glass Several contact configurations based on plugs with
epoxy coil body. In the final assembly the two finger contacts a th as they are co=monly used in



svltchtsr were ccosidered but had to be abandonsd a discharge In the form of 3n qptLod~csll3y dsaed

on account of space liuitaticns. The plug contase pulse. In the particular exparincs the *xcLca-
fnally arrived as is shown in Fig. 2. It is based tion was swicched off after .5 s vhich rejulted in

on A cytact strip made fto bercllIu copper a faster than normal decay of the curzent. TypicaL
lOuver- which 4t4 silvtr plaCQd and thanks to their oscillolraso of the current art shon In TLig. 3 and
Springincss. capable of accosiodtialn a modest 4. A total of seven costs were r n. TMa first

4=unt 'i dimensilonal varince. (The moarial In four cetss had a current of 1A 4A which represents

quest'on it MN.. 40 type LI1.25.) The contact about three tLcem the heat input per shot of the

strip hWs 10 contact points per In of apparent actual duty cycle. VOltage drop over the contact
contact and is rated at 50 A continuous current was around 200 aV. Inspection of the contacts

c3rin; ra~abil1ty per In and 17.5 kA an a 200 m after the tost shoved no trsces of wear, The Jame
bast.s. Int-rpoltlons for 4ifferenc times of holds for test 4o. ' at 34 k. %*hen the current
current leading have to be nde with consideration was raised to 54 kA the oscillograa showed a
of the ther--l Inert-ia of the contact points, the voltage drop around -S0 XV and sofe sign of contact
,aurrint carrying louvers and the adjacent base instability. This correlites with the theoretical

=*.triSl of :he contact. Since the plug shov has value of 370 %V for the melting voltage of COpper{:.
4 Cotal contact strip letch of 5.4 in, it should

be good Or 2 kM continuous cuoaent and should have
a 3 s rating in the order of A" kA. The anticL- TAILE I

paced duty for our contact N considerably below Test No.
these values. _ I to.a s I 6 I 7

Peak current kA 14.2 34.4 53.9 50.1

Heatng (at
locat~on A-
Figure 1) 'C 2.2 12.5 :9.0 67.0

__ _ __ _ _ __ _ _ _f__ __ _ _ Ji dt 110 A-% 0.11 0.64S 1.6 L.5

V tj
, olts 45 0

drop MV 1:0 300 as0 s0

'oto: 1) Voltage drop v contact voltage - 2.10"
2) After test No. 7 contact was not

serviceable.

Fig. 2. Contact Plug

1. Concac: spring
2. Conductor
3. Brazed Joint Inspection of the contact showed ver sligh: pirttIng,
.. Coil Insulation but the material had retained its full sprin$iness.

The final test was run at 80 kA. The tract of the

voltage In this cest Is reproduced in Fig. 5. The
-.:nfl- Chose alculated values, :ests were con- -.oicage shows heavy fluttering Indicating buring

iu :ed 3t the Center for U!ecnro-.'.echanics rZ the on the concct spot and the =tdian voltage drop Is

.nlVrslty 2! Texas sc Aust n using the S .J hoo- 800 -V. The oscilogra shows that the fflutering

;oar generator vhich in the :hosen connection gives increases with ti=e in spite of :he decaying curdnt



Indicating clearly the distress in te contact. Kefar.. cc
Lispection of the contAcc after the test showed (1) ?aul tLldi, Gearst L. Cardwell, David t. Irover,
superficial nelzIn; evidenced by silver dropleLs on Design of the TXT Toroidal and Poloidal Field

Calls, Seventh SYosiust on Engienrin; Probltzs
- the surface. The ratetial had been completely of Fusion tsearch, Y-oxville, Teon., October

annealed and had lost its sprnginess. ExrApt for 1977.

sone very =nor p.tting, the base acetrial was not 12) .a snar Holm, Elettric Contaus, Spring*.,

Affected. If one assumes chat the second before 4tw York, 1967.

last test reprtstncs the point of beginning dis- (1) Paul 1L1di, Safety Groundng Switches In Large
Experiments, IME. 2nd International Pulsed ?overtress, then the design has a safety margin of 5 with CWlference, Lubbock, Tx., June 1919.

respect to currept and a the;rl safety marlin of 25.

The tests not only confirmed the adequacy of the This work vas nupported by the U.S. Department of

dsin blu uere sufficiently encourain; to use

st"ilsr contacts for transfer and safety grounding

s'id:chGs of auch larger rating 13J.

00 MV Ts No.-3pmjj aO- _

i0 Ix -0W --
Fig. u. (!) and voltage drop (u) over contact at 14 MA.

. 4. 1,
F g. .3. Current (I) and voltage drop Cu) over contact at SO kA.
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R. gV. t,

Los Alamos Scientific Laboratory

.MM= A coaventiosal approach has be a used following
InCer4uptclo of dc cur-cts using t.e lead of early vorers such as Cre, Go4. ! Th*

Co'.,terpulje techniques is investigated with electrodes of the svich are seperated At full

vAcuU Interrupters and a novel approach iN jihic current sad am arc occurs betVeQ them. The

the cou-cerpulse is applied before contact covaterpul*e is applied several millseconds

54p4CAC**On- Espornant Increasee have bees later vhen the electrode separatiO" had reached

achieved in this ay in the maxiam interrupcible approximately I cA. Th u te major lmitat.o's

current And large :ducclons in contact erosion. found with this approach are both related to the

The fattors establishing these cew limits are long Interval of arcing at full currest. The

prejerted and ways Are discussed to make further arcing heats the electrodes and generates
I=provenencs to the maxlum Interruptible imandesceec hot spots that are prol f c electrn

current, eiteCrs. These hoc spots cauSe rei nIto of

the arc, providing the upper limit to the current

that can be successfully l.nce.rupted.2 to

addition, the prolonged Arc erodes the electrodes
I. = 10=1031O and deposits conducting film. of electrode

A dc cur:ent can be Int rrupted by a 2acerial on shields and invulating surfaces.

mechanical svitch only if Its current can be Measurements 2ade at LASL ind cate that In spite

forced to :ero while I: is acing. Comonly, of these problems, a vacuum !-nterrupcer can

this Is accomplishd either by designing the LCerUpt large currents And still have A ltnt

twt:ch to generxce An arc voltage greater than life. At 25 kA. for exampla, an interrupter

the source voltage or by adding An extra should ichleve 10,000 or uOr. Inter.uptcng cycles

touncerulse circuit thac injects Inco the svcch before these erosion phenomena end iC life.3

an oppositely-4irectd currenC pulse large enough re have attempted to remove boch of these

to create a transient current :ero. l =icetlons by enploying a less convgnt onal

For several years, experinents with counterpulse technique. In this technique, the

councer;ulse circuitry have been conducted at the counterpulse is applied before the electrodes are

Los Ala~os Scientific Laboratory (LASL) an parted so that their initial separation and

inter:upters :o be used in fusion applicacons. subsequent Arcing take place at currents nuch

lover than the initial value. .his early

councerptlse (EC) technique requirae a long

W ork ;*erfored under the auspices of the USDOE. councerpulse. a fast Actuator, and a rugged

"'escinghouse industrial staff =eber. n. 'cause of Its potential for lover

contact erosion and a larger Incerruptible
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current, the EC technique has Attracted other recovery voltage a: a ciat when the arc has
inVs1igators. An 41:-bast Inercupter to be barely extinguishd and the electrodes have

used wich chi tokamak Jr-. and a special Sr6  barely separated. The poersbIlicy of reignitlon

• svlcch5 used wlh the Crossed Field Tube arm of the arc at this tin% is high but can be

examples of such developments. Vacuum reduced by several "easures.

Interrupters have advantages rela1ive to these 1. A high-averige velocity of splratc of

other types primarily because of the loer the electrodes.

erosion expectd for the concacts and the 2. A large saturable roaccor and counctrpulse

resulting longer 1lfe. bank.

2. A snubber circuit (a RC iose
M. nr .J1L Y COLMT1iaU1LS TECXXlQU CImbUnaiCIO) placed Acros V1.

Th circuit, discussed in dalil elavehere. The actuator used in these tests was iad* by los
used Ari the tests As shown In Fig. 1. Energy Engineering Co.6 It As operated by two repulsion

storage capacitor Cl in conjunction with swItchas coils, one statiliiary and one connected to tho

S1 and S, and inductor L establilsh a slowly koving electrode of the Interrupter. .'he coil*
decayIng current, I, in VI. the Interrupter under are energized by a 300 UT capacitor bank chargtd

Ctst. The counterulso 1s fired by closing to 2 to 5 kY. The peak coil current Is several

switch $3 which conaects capacitor blk C- to V1. tens of kiloampares. The Actuacor was designed

This generates the desired reverse-current pulse. to maxiile the acceleration of the movlng

L2, a satu:ble reactor, helps to shape the electrode. Accelerations of 106 c€/lec have

Tverse-current pulse so that the switch curreat been chleved. The saturable reactor Is coopoted

Is close to zero for a long time. RI Is used ao of 133 separate &-oil cap*-Mound cores, each
a final dmp resistor for the energy Initially threaded by a 4-0 electrical cable. Ech of the

stored In C1 and Ci and Is conected by SZ After cores has a flux rating of 0.001 Vb for A total
the Interruption PhenosenMo Is CO¢aleltd. of about I Vb. 3eCause of iShe 1ap-less

Figure 2 shows schematically, the behavior tape-wound construction of chest cores, htir

of the current flowing through I. At time t 0  unsaturated Inductance Is very large.

the counterpulse is Initiated. At t1 the current The counterpuiet bank is unusually large.

in the svitch passes through zero for the second We used 360 k of capacitance connected in

tine and Interruption may occur. At t2  the different ways to provide tither 1.5 i 103 r at
capacitor C2 and the saturable reactor 12 have 0 ky or O.A5 4 10-3 r at 40 k%.

*xhausted their charge and flux so that the

counterpulse ends. For the IC technique to IlI. RESU S

succeed. VI must open its contacts between t0 and The first experiments were performed with a

:I. With this timing an arc illi start and burn standard 7-in. Interrupter,7 with en Actuater

at low current and Interrupt as the current acceleration of 0.3 a 106 cmlsec. and a

passes through zero at c1 . counterpulse bank of 1.1 . 10-3 F. This

There are two obvious problems with the IC arrangement gives the longest possible

technique which must be overcome and which have counterpuls. and potentially the largest

become the main focus of these Investigations. interruptible currect. The modest acceleration

The first Is the difficulty of opening the was chosen to avoid possible stress-induced
,Interrupter In the shot% Interval between t0 and problems with the actuator or Interrupter. Vith

Il in :he face of Jitter from various sources. conventional councerpulise techniques, such an

The second is the rapid development of the arrangement would have given a maximum
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itrruptiblo current of 21 UA, relatively the electroodes co pop apart at high currents.

l'rdependient of recovery voltage. This shows up an A voltaget junp before to.

Tohe expoerimoent proceedetd by gradually The second problea was of a relac,-! kind.

rising 1. the current co be interrupted, and at T7he "opening" of the switch occur* wvoen the 0
esch current ltvel by varying t.1, the interrupter Molten bridge VhIch fOrms between thet electrodes

ning tIme, over Its full range, from to toc. utures. The lifetime of the bridge depends

The expertxents wort continued with currents up Upon the details Of current mAgnitude, Contact

to 35 Uc at 2.5 kv, the limit of the test Pressure. *tc., in a co"plez way.

facilities, with no failures of Any kind. A Tohe effect of thesoe pheno. s-4Is ci' reduce

stking ON~iervacion' concerned :he visual the range of counterpulse settings within which

Appearance of the switch during interruption, An IC interruvption can be Achieved. The rattle IS
vlith Convetional coianterpulse cechnique. the reduced to zero for currents slightly abovet

ceramic einveolope lights up brightly due to ct It kA, consistent with the findings that 20 UA is
enclosed arc. ULth XC techaliqued, no light could the largest current we can successfully

be seen. This Is consistent %itch the reduction Interrupt.

of the arcing current by -a factor of 300 and
Arcing time by a factor of 10 produced by MC IV, LITE =?S

ToIces h lcrclsrse nteTo test the *rosion reduction oexpaccia of
Inctrrupter the value off C. was reduced to teI ehiu, a~n nerpe a

1-s 10-3 r. This change Increased the subjkcted to over 1000 Interruption cycles At0

recvery voltage by a factor of Cw6 antd decreased 10 kA. TMe interrupter wee dissa~mltd and the

the Interval cl-co for opening the intertrupter by contacts exainotd after these "aolly successful
A factor of tvo. Under these conditions interruptions, The contacts vere found to bet in-

relgn'"Con were Occasionally Observed when t 1-t 3 near-new conidition, the surface markings being
was 9*a11, that Is. much less than 100 Us. T.he caused largely by contact rubbiag. Ue estISat a

major new effects observed Were A marketd Increase reduction in erosion brought About by the MC

In the jittear observed In the opening tine and a technioque of =ore than one hundred.

consistent shift of the Average opening timet as

:t current increased. T'hesoe effects combined to V. CONCLSI0IX

nake it difficult to cinot the svitch's opening to The Anticipated features of the IC technIque

3c-.ur botcetn to and ti. :his effect set A were reduced electrode erosion and increased

UIax '-nterrupt4blt current of about 20 Moo current ratings. Substantially Increased ratings

o netgt hslmt esbtttd have been realIzead in these experimeonts, And the

-Nhre4 differte -In. interrupters for the reduction In erosion Is very larget. The
origirnAl one keeping C* - O0Z"S it 10-3 Too With components and techniques used to achieve these

~nvotntlonal techniques these twitches cold2provefents Are available, convenient to Use#

tnterrupt 6, 6. and 3 UA. respeacively. WJith the aed relatively reliable.

:CcatchnIquet their limits were increased by a The new current limit does not appetar to be

fActor of 2 to 2.5, as determined, again, by the a basic property of the svitches but is instead

insect of rmarked jitter in the opening time and associated with the Actuator, in particular with
t:3 3htft to lacer times. the force with which the electrodes Are held

careful nessurementa idientIfled two sources closed. Future work will Attept to raise the

*f thot $Ittor And shft. Ore uas the tendency of current limit further by employing higher closing

forces.
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8.1

O1.TL0M.6-4 or XGX cU3ll =C7c014 ?U LS ACCUIPATO.S

AT rth ?NSTIUT Or MICCM IV' tATLLES

£. A. Abr ,n, C, D. Xuleahov

Inscitute of High Teaperatures, USSR Academy of Sciances
KorovtLo1 Chausse
14a4cov, 127412, USSR.

Abstract the systee And the emftt-ng capabLIlty of the cactl-

A short analysis of the problene encouatered L the ode. The accelerating fields in existing long-
acceleracon of long (10' sec and longer) pulsed,
relativistic electron beam (W13) is given. A des- pulsed And continuous accelerators is about 0.02 -

eription of the parameters of the experimental is- 0.05 WfIcm, conaLderably les than for nanosecond 0
cil cies developed to study thae long-pulsed asa t
is prdesented, As well. duration &ccoldration. In this cut the current

density of the beam to be accelerated is no greater

Over :he last 15 years, the power in nanosecond

duration electron Accelerators has Increased byzare than several ampe per ca,. Soe increase of per-

than 3 orders of magnitude and the energy content veance of the Accelerating system cam be acthieved
of these beand hes reached several .J. It isksaovn
that In acceleratocs of this type the electric field by the in cllation, betaeen the cathode and Anode,

gradient in the Acceleration region approachee 0. of mny intermediate electrodes at Appropriate po-
WC /Ic. The length of the applied pulse In limited

bF the brskdovn development tiae. The rapiddevol- tentcals as vell s by space charge neutralization.

oplent of eanosecond Accelerators M benefited from
the uniqut characteristics of cold cathodes, i.e.
the high emissIon density achievable in short pulses Oue approach to the problem of intensive long-pulsed

(up to 104 AIca) and their capability to retain 111 generation In to Lncrease the gradient of the
,ood emission cha:cteristLcsaiter arcing or vacuuu cclerating electric field, Another the compressionrupture,.teesl|eet Ll ace h opeso

(focusing) of the beau to much higher densities than

nubetr of 13 applications, particularly with te- the initial) lo values. In order to ake the re-

spect to hesting of a substance to thermonuclear quired Improvements it is necessary to combine both
caperaturas In experimental installations for
Inertlally confined fusiow. Hovever, to solveother methods.

:asks it is necessary to increase the bean lifetima
and make the operation more stable. Examples of
ocher appLicstions are SHY generators, L. oscilla- The cspabllty of present, existing cathodes - e.g.

tLn; relativiscic bea-s; and collective acceleration lanthanum boride, iridium cerium, overheated tun%-
of tons ]. The further development of several
k1loamperte ,W's wich duration of 10

"4 - 10 sac, scen, etc. - makes it possible to achieve current

And continuous bess In the future, will make L densities of the order of !02 A/c 2 In pulses of
possible to start experitntal reseach concerning
the problem of energy transf r over argte distances 10-4 sac and longer. The primary task Is to In-

by means of electron bea--. E2]. create ht perveance of the accueraning gaps to

4ne of the main directions of research aon con- such values as co provide higher currents.

ducted at ou institute is related to finding vays
to creAte long-pulsed electron beams with currents
of the order of 1 kA at in e..rgy of I FAV. The The comparatively slow progress In improving the

program Is =ed act studying nev energy transfer voltage hold-off tharacteristics of non-se;mented
techuiques. high volAga vacuum gape makes it Impossible to

guarantee the emission of current at high energy in

eculiariltes of the fleneration of Lone-Pulsed 7n- syste= similar to elec:on guns e"-loying co=pres-
:enslve RE31s sion. Ic is more appropriate to develop acceler-

It is zon knoldge that the current density In acting devices constructed wth many electrodes and
accelerating gaps is limited by :he perveance of
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many separated parallel beams In the same diode. f AU ' relatively small compared to the accele-

racing potentiAl, then paver and current losses,

in particular, A considerable Improvement n elec- AI, in the be&= of accelerated electrons will also

zec.l strength of :he accelerating cube can be tx- be small. The beam power It! can exceed many %I%s

pected with the electrode spacing reduced to 10 - the total of the cooponent sources:

100 um. It is known that micron vacuum Saps and

layetr of solid insulation can resist static elec- IU14U3Z + IaU
ztic fields of more than I .V/cu. The problem is and the effective energy content of tho beam canex-
to obtain sacisfactory electric !!eld Intensities coed the energy accumulated in both power sources.
in many-layer structures containing many channels

for electron acceleration. To achieve this goal it Exeyrivental Facilities For Research Generaioan,
Transfer and Deceleration of Lone-Pulsed Relatlw-

is necessary to provide for stable and uniform dis- Tstec ean D

tributlon of voltages over intermediate electrodes To study the ptocesses og generation and recovery
and, furthermore, to reduce to the utmost the num- of long-pulsed electron beams a test facility vat

bar of electrons lost to the electrodas of the tube developed At cur institute which could generate

by, for instance, the application of 4 longitudinal electron beaa.s with the following parameters: elec-

maeic field. The fabrication of such system tron energy 0.5 MeLV, bea current 100 A, pulse length
are of great importance as well. 100 usec. A Marx generator with the correct pulse

shape [3J to obtain a constant accelerating voltage
ogen occtiancl Istallions oeh Long- during the main parc of the pulse was constructed.

Pulsed RE's The accelerating device It of two types; a simple

The development of high voltage generators to feed diode and a segmented onm. The accelerator design

long-pulsed several kA. MeV beams presents nomajor makes it possible to conduct studies of ocher options
obstacle. For this purpose we can use inductive of beam forming systems, e.g. compac: multlchannel

storage, IMax generators, or transformers. The en- acceleration tubes with small segmented sections

ergy content of beams that can be employed in the and the combination uf beams In a drift rogion.
earlier stages of research will probably not exceed
106 - 107J. In this system, the electron beas energy recovery

device is mounted inside the same vacuum chamber at

As far as the high voltage senerators ;sad in ex- the accelerator. The research program using this
perinental installations, which are designed for test facility includes the studies of the optimum
flexible operation of the accelerating and focusing conditions ior reverse transformation of the kinetic

systems and for beam transfer, are concerned, their energy of the electron beam into electromagnetic
cost could be considerably reduced if one could re- field energy. The recovered energy is then fed to

cover :he electron beam energy. In an installation the accelerating system input. In this manner the
of this kind the collector of the decelerating de- beam power and pulse langch can be increased consic-

vice is connected electrically to the cathode, re- erably. The range of uxperimental research work
suiting in a closed circuit with the stream of fast conducted on the test facility can of course be ex-

electrons beine an integral segment of the total panded.

current flow [13. Since a complete decelerationof

the electron beam is essentially i=possible, thare The test facility is a modal of a more powerful in-

is a small potential difference between the cathode stallaction which is under development at the present

and the collector (U is usually on the order of time. The design parameters of this new installsion

several percent of the anode voltage U, which is are; energy 1 MeV. current 103 - 104 A, pulse length

maintained by the power source). 10 usec, the pulse length in the recycling -ode

,100usec. The installation includes a 10 eter



long vacuum line which is designed for studies of Reerences

nethods of bean transfer with high efficiency. 1. Abraxlyan E. A., Altortop 3. A., Kultshov G. 0.
'-Ucrostcond Intensive E-beass." Report an the
2nd Intern. Topical Conferance an High Power

Repecitively Pulsed Mixh Voltage GentratOrs (Pulse Zlictron~ and ton Seams, Zthaca, USA, Oct. 1977.

ru'rtio %1 -ee)2. Symns 1. S., "Eltccr.,in lea Power Transmission'
ta order to cast various components of these long- 16iport 094 on the 1JoWl Slactrotwehnical Con-

p.4cc accitliracoirs and to expand thieir range of gress, M1oscow, June 1277,

Applications us ha~ve desltned portable high voltage 3. Abraw~an E. A., Efimloy E. X., Kultshow G. D.
souces based on shock excitatio~n tzansformers. In "Energy Recovtr7 and Power Stabilizat~on of

thepreiouly tvoope tyes f sockexctaton ulsed Electron Iseas in' Marxj Generator Cir-
the reviusl devlope tyes o shok ecitaioncults." 1eport on the 2nd Intern. Topical Con-0

minsfornears (4) the high volcige pulse diuton ference on High ?over Electron and ton Itarns,

V~ 1- - 10-3 sac and hydrogen thyracrons oorapark Ithaca, USA, Oct. 197.

Caps veto used as couwtators. £.Abrarnyan E. A., "High-Voltage. Pulse Generators
of the Uese of the Shock Transformer". Report
on the lot Intern. !EEE Pulsed Power Confer-

Switching over to pulses with duration of &bout 10-4 ence, Lubbock, USA, 'byv. 1976.

sac rna It possible to use standard production
thyristors And attach the pricary winding of the
transformer directly to the mains.

Raced data of the shock transformer under
test now are:

Voltage: 400 kV

High voltage half pulse duration (at the
base): 3-10-4 sec

Energy output per pulse: 30 J1

Repetition Frequency: 300 Hz

Efficlency from the mains to the consumer:
60Z

Operation: Continuoud

Fig. I Diagram of Installation with rEltctron Beamn Energy Recycling
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5.2

STATUS OF THE UPGADED VE1SION OF THE NRL CAM.BLE II PULSE POVER CGEERATOR

J. R. Boller, J. K. lurcun ?qd J. D. Shipman, Jr.

Naval Research Laboratory

Washington, D. C. 20375

Abstract

The GA.BLE 11 water dielectric pulse power jentt- deliveted 65 kJ into a watched load with 63 ns

ator, in 1970, was the forerunner of the high 1VI... Peak power was about 1 V.

energy (50 kJ) class of water dielectric Saner- k M ,.n %

a:ors. Iz has been redesigned internally to oak# Z.Oud.M.1Tts WTtWACC

maximum use of its original outer conductor shall 3. eNsWAtE sMAc CAicWroA KA-Ft4 CCAW#. Lot
and to optin-iza it for the positive polari:y =ode & t N R

a,'r C. MNADIATION $OWE1

of operation for positive ion bea experimentation.

The -aw design also initiates the use of an oil t\

dielectric multi-channel switch at the output of

the pulse forming line. This switch, because of

its low capacitance, eliminates the need for an

extra prepulse switch. The upgraded version has

been tested up to power and energy levels which

are nearly twice the original.

Fig. 1. GAMBLE 1I Pulse Power

.he GAM%,BLE 11 pulse power generator., designed and Generator in its original form

built a: the U. S. Naval Research Laboratory in

1970 has been modified so that it is now deliver- Figure 2 shows the relatively few modifications
n about 1 tis ts formr poer and energyw hich wre required to modify GAMBLE I into the

1: is hoped that as the physfcs experiments now upgraded ILA version. The new components of the

using the generator need more power; the output generator are shown shaded.

tan be gradually increased until it is up by a

factor of about 3,.

The original generator is shown in Figure 1. It

consisted of a 215 J, 4 nF, Marx generator in a .......

tank of transformer oil that charged a 7 0, 7 nF " .

*water dielectric, coaxial, intermediate store; Y. -R
which in turn charged a 6 il, 6 nF water dielec- _V ~
tric coaxial pulse forming line. A single channel,

but multi-branching, water output switch self closed
near the peak voltage and sent a fast r.i.sing poer Fig. 2. GAMBLE IIA Pulse Power

Generator Schematic

pulse into a 6 .t, to 1.5 il coaxial transformer and
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"a foat atb cesigolthhih fte results in a MO to 901 curront rise time in a

oil tank by 6 ft., we could enclose 1Xarx generator matched load of 35 to 45 ns with a prepulse of

components for 520 MJ stored in 13 nr. The expen- less thsA 11.

sive stainless steel outer conductor of the water

dielectric part of CAXILE IX was left unchanged The present performance of the generator is sume-

with the exception that we use only the last half arized in Figures 3 and 4.

of the original coaxial transformer since the

pulse forming line Impedance has been reduced fromt

6 44 to 3 il. The spheres and hemaispheores from

the original intermediate store inner conductor0
with the o-ring grooves, etc., required for C&Ame, cAW v*wua cw "s wW AW(

vivo 114 Naito. wife lot lMi. VKOCS :4
seainS the concoctions through the polyurethanel "" slo 1011f I" s

diaphragm were used unchanged. TM only new4 wi o ta w

par: in the intemedisa storet is the relatively AC a~ to "@low 3.3 Id Ij Ic

intxpensivet cylindrical alustinun section between la of lo

the end hem-ispheres. 24" I "I t. 44pe6-a.0

The impedance of the intermediate stort is 6.7 C), list 0, fa t  
i

which Is the optinuin impedance for storing maximam ~
energy i-% titr the negative or positive polarity ±______ ______

=o. Its Capacitance Is 16 aF including the
capacitance of its water output switch. Fig. 3. Computed and measured power

into a near matched load on the
CAN=LEZIA Pulse Power Generator

the pulse forming line Impedance is 3.2 C0, which

is the optimtsm impedance for delivering aaxi-

power to the transformer in the positive polarity

-.cde. It is also a good choice for the negative

2olarity nade. Its capacitance Is 10.4 nF. CWAMuTH VA15(5 OWNic I1($ KNI 1415(5
111I NC 181m. Vito Tat C I. 06.0 aIst@
WIlAt IC " i081t 11i8C that

The CAM9LE ZIA pulse generator has a pulse forming * 4U*2iN

line output switc.h that is unique in large water 9144 14 lot

Jitlaczric systems. It uses transformer oil VAA mNAis 341 d1 l

instead of water as the zediun in which the switch iU

streaaers propagate. Since oil has a dielectric ijum a ____________ ____________

.onstanc about 1/36 that of water, the prepulse 1N.45( low"I 1* ag'

!ed through the output switch capacitance during 104Tlf *

:he charge of the pulse forming line is reduced ...h..

accordingly. The polyurethane diaphragms that 1M* DOW lots lo

contain the switch oil provide support for the 3 uIM 51 di IIS d U2 d

output and of the pulse forming line and the input IKt

and of the transformer. After each shoc the oil

is cSirculatod through a filter for about 15 minutes Fig. 4. Computed and measured energy0
:a zearauc he arbnize oi. Te oi ouputat various stages of the
to ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ G4L 1eruttecroieoi.Teolotu nI.~Ii Pulse Power Generator

switch used until now has been a self closing

multi-channel type with 6 or 12 enhanced field, 1

inch diamecer electrodes on the positive side. It

0
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The right hand column of ?i1gure 3 shows that the I' ' . I.

measured peak power Into a near matched non- ...... .

inductive load of 2 ohms was 1.78 7, the TN"@ of ;,

the power pulse was 71. n, and the 102 to 90: rise .

l t w as 5 s . 7 h o th e r tw o co l m s o f F ig u re 3 . .

show the computed results obtained by analy:ing the "wig,. ,,,: wits

system with the , codes for potential plotting, . ..... . . poor

incremental capacitance calculating, and transient t ... .

analys ftrs-ission line systems. The left 1

colwai shows the values computed with no time4 . . ...-

dependent or fixed series resistance in either the

water or oil switches. The center colum shows Met

the values computed when a fixed 2 & series re-

sistor was Included in the Intermediate store Fig. 5. Measured Current, Power and
Energy into a 2 .1 noninductive

output switch. It was found that this resistance load

has to be added to make the computed and measured

values agree as indicated in Figures 3 and 4. The was 123 Wi. The efficiency .ron the Marx to the

right hand coluan of Figure A shows the masured load on this shot was 468 which in 53: higher than

values of energy at various stages of the water the 30: efficiency of the original GAMBLE 11

dielectric systam. As in Figure 3 the left and generator. The efficiency within the upgraded

center colums are the computed values with zero water system between the interediat, store and

and 2 i for the Intermediate store svitch resis- the matched load is 62%. These efficiencies are

cance. The loss of 68 UI between the .arx gen&- very high for such generators.

rator and the intermediate store is mainly in the

10 4A distributed series resistance of the Marx The complete system can be operated at the Marx

generator circuitry. The loss of 57 kU between generator level of 267 kJ for about 30 to 40 shots

the internediate store and the pulse forming line before some maintenance is required. Ac this

is about half dissipated in the series resistance level of operation the pulse forming line is

of the water switch and half reflected back into charged to 4.4 XV in 143 ns and the polyurethane

the intermediate store from the water switch. The diaphragm on its output end is stressed to

loss of 19 kJ between the pulse forming line and 271 kV/cm. If we are able to operate with the

the load is mainly energy reflected by the induc- ,arx generator capacitora charged co 62.5 kY,

tance of the oil output switch, the total charge will be 520 LI and the above

diaphragm stress would be 378 kV/cm. This stress

Figure 5 shows the measured shape of the current level on the oil switch diaphragm will probably

pulse into the 2 : load. The peak currant was be the weak link (in regard to breakdown) in the

.94 .A with a FUJHM of 93 ns. The 10% to 90% rise whole system. The output into a matched load at

time was A5 ns. On this shot the output switch this level would be 3.5 TW and 239 LI. These last

closed about 50 ns before peak charge. This results levels will probably not be attainable in the

in a greater total shot energy but a somewhat positive polarity mode (which is the o:ly mode

longer rise time tharn a closure at peak charge. of operation to this date). The maximum output

Toe power and energy delivered to the load are in this mode will probably be limited to about 2.6

shou'n plotted below the current. The ma,-mumpower TW and 1C0 UI due to calculated water breakdown in

was 1.78 TW with a FTWU of 71 ns and the energy the intermediate store and the pulse forming line.
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Cur design So&!. in the upgrade was to let a2 out."

power and energy out of the water dielectric

sysce. as possible vLthout incrtas n ics outer

dl: msion and we btlieyt we will achieve this.

At least, wt act certain chat the GAMLI It

enrattor has shod its coaervative label.

The original "IDLE I generator wai funded br the

V4ansd Nuclear Agency. The upgrade va funded by

%he Office of Naval 14searh ad cha capacitors 0
for the ?A.arx generator were furnished by the

Sandia Laboraories.

0

0
0i

-0

" " " .. . .... .. . ... I " . . ..
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EMIITA(CE M.ASUREMiENTS OX FIELD EITTER DIODES'

Bernhard Xulke and Ronald Mihara

University of California
Lawrence Livermore Laboratory

P. 0. Box 808, Livermore, CA. 94550

ABSTRACT The proposed FXR eleictron source iS modeletd

largely after the IB injector. Thus, in order
On the basis of time-integrated emittance to confirm and expand on the earlier LIL re-

measurements, several different types of field suits, the LSL field emitter diode gun was
emitter diodes were Investigated at 1-3 kA, brought to LLL and reactivated for further

* 1 MeV. The experimental parameters were the emittance measurements.
cathode type, the anode mesh texture, the diode APPARATUS AND EXPERIMENTAL PROCEDURE
spacing and voltage, and the level of colli- As shown in Figure 1, the diode proper con-
mation of the emerging beam. Over a wide sists of A ball-over-plane or similar configu-
range, the emittance was found to be propor- ration with the planar anode formed by tungsten
tional to the level of collimation. With the mesh. The electron beam traverses the anode
diode spacing left fixed, the emittance was mesh and is focused by a thin lens solenoid
found to be essentially independent of the that in conjunction with two collimator aper-
diode voltage and current. tures downstream from the anode, acts as a

The lowest emittances (30-40 mr-cm at variable beat scraper. Downstream from the
400 A) were obtained with a foil-type cathode second collimator is mounted a pinhole mask
in a ball-over-plane configuration. with a square array of I om dia pinholes on

5 mm centers, and this in turn is followed by a
INTRODUCTION scintillator screen carrying a layer of P-i

The flesh x-ray (FXR) linear induction phosphor.
accelerator at Lawrince Livermore Laboratory, The diode voltage is generated by five in-
currently being designed, requires an injected duction modules that are effectively connected
electron beam of 2-4 kA at 1.5-2 MeV. In order in series by the movable cathode stem linking
to maximize the forward radiation dose produced them. This allows convenient adjustment of the
by a beam of given diameter, it is essential to anode-cathode spacing. Each module is a
minimize the emittance. Field emitter diodes ferrite-cored 1:1 pulse transformer, with the
are well suited for flash x-ray applications, single turn primary driven from a nominal
but measurements to date of their beam quality 250 kV, 56 ohm, 40 ns Blumlein, and the
have largely been confined to determining the secondary being formed by the cathode stem.
angular divergence of high current beams in the Figure 2 shows some typical pulse shapes. Notereinvr ls oteanode , .  

U, ,,,-
region very close to the Measure- that the width of the beam current Iulse is
ments on a beam that was collimated and trans- narrower after collimation.
ported over some distance have been reported by To calculate the emittance, the scintil-

the ERA grouP 3 at Lawrence Berkeley Labo- lator image (Figure 3) typically was first
ratory (LBL) who utilized a field emitter diode scanned with a densitometer. The center of
as the injector to a 4 MeV induction LINAC. each image spot then was used to measure the
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ingular divergence of each beamlet from the meter. The nearly linear relationshi: b n

straiSht-through position. A second ingle, the collimated beam fractin and the tir*'t.

Wcula,.ed from the FlW of the image spot, leads one to conclude that for a beam that, 1i
-'vresents the growth In diameter of the beam- Already severely collimated, the remainii:q bt.0,

let mr the 115 m drift distance. The corre- current Is quite uniformly distributed 'a , -

spoi!,n p-ks:e plane representation of any one space. A further reduction In beam cure'..

b-rk mi; 'iien drawn, And finally, the emit- thus corresponds liniarly to a similar re-

t~n% ms , as I/v times the area of duction In phase space Area, or mittance.

tht figus . rcue. ',b ng the entire phase 'The function of the planar anode mesh ,s 0,

pla.v plot. support a strong electrostatic field at tht

dt,. , di -;* st'gated here employed a spherical cathode while at the sae time

nucbr . ifrr. t s with the best one allowing the beam electrons to pass through

(Cl) t 'i$sn4. 4- a SO m dia., -"), fmately with minimum Interception or perturbation to

sphericai. pellshe" stainless steel r,,1l with a their trajectories. The perturbing effect of

small, flush mounted button Insert .yrin.4 a the anode mesh can be modeled by censidering

7 m dia. tantalum foil spiral. This was an each open square as a miniature electrostatic

earlier LSL design. Cathode C2 used a flat, lens, with the focal length given by
4

graphite emitter button. Two other cathode f - 411/(E2 - E1), where U - anode

geometries employed a graphite rod *rXw a potential, referred to the cathode, and El

soherical-cap graphite button, respt,...:c.y. and E2 represent the electric field on the

Cathode C3 was a 100 m dia., polished, stain- cathode side and on the downstream side,
less steel pancake carrying the 7 m diA. respectively. For the typical case, E2 a 0,

emitter button of Cl. the lens Is diverging. and the divergenc* half

The experimental anodes consisted of tung- angle will be proportional to the mesh

sten mesh stretched across a 76 mm dia. circu- spacing. Thus, one clearly does well to use

lar 4perture facing the cathode. They Included: the minimum mesh spacing that is consistent

Al. Woven mesh, 0.025 m dia., In a with good beam transmission.

0.5 x 1.8 mm array. In Figure 5 we have plotted the measured

A2. Etched mesh, 16 lines/cm, emittance variation with current for diode

0.036 cm thick x 0.061 mm wide. Cl-A2 which used the 16 A/cm, etched tungsten

A3. Etched mesh, 24 lines/cm, mesh. It is seen that the tighter, etched

3.025 m thick x 0.05 -" wide. anode mesh does produce somewhat lower emit-

EXPERIMENTAL RESULTS tance beams than the woven mesh of Figure 4.

The lowest emittances %ere obtained with Also, there appears to he a definite minimum of

the C1 cathode. i.e., a simple ball-over-plane emittance reached near 30 mr-cm. Further

conficuraticn, using a foil emitter. The other measurements5 indicated that there was

cathoce all tended to produce scintillator nothing to be gained In going from 16 to 24

,nages that were poorly defined, and clearly lines/cm (etched) while there was visible

-epresented beams with greater emittance. The improvement In going from 10 lines/cm (woven)

measurements discussed in the following there- to 16 lines/cm (etched).

fore concern only cathode C1. In an attempt to gain some insight on the

The degree of collimaticn was controlled effect of beam voltage variations, the diode

throughout by varying the solenoid lens field potential was changed in three steps, frcm

strength. For diode Cl-Al, Figure 4 shows the 680 kV to 970 kV. The results are shown In

variation of the emittance vs the collimated Figure 6, and clearly, no systematic variation

beam current with the A-K spacing as the para- of the emittance with the diode potential is



evidtn%. This is as exoected, because field 3. Glen R. LAMbertSon et. &I.,1 ExptriatntS On
tz'itter dlodeS at high current levels essent- Electron Rings at Ser1kelty, Particle
,ia'ly follow *.Ace-chArge limited behavior. Accel., 5 pp. 113-120, (1973).

*Under these conditions, the relative potential 4. A. Suptler, td., Focusing of Charged
distribution within the diode, and hence, the Particles, V. 1, p. 296, Academic Press,

electron trajectories and the ecuittance, should N~ew York, (1967).
lndttd rt=ain uncnanged. The focal length of S. B. Kumke and R. Kihara, Emittanct Measure-
the solenoid lens was essentially kept Indt- tnts on Field ErmItter Diodes, UCRL82S33,
pendent of tht beam voltage by adjusting tht Lawrtnce Livermere Laboratory, (APril 5,
fi'eld strength to produce Identical collimation 1979).
ratios

SU!*%IRY AND CONCLUSIONS
Em~ittance measurements have been carried

out onl field-emitter diodes to Investigate the
* separate effects of changing the cathode

geometry, :he anode texture, the A-9 Spacing,
tne amount of beam collimation, and the diode
potential, respectively. The lowest emit-
tances, I.e., the best quality beams, were
obtained with a small-area (oil cathode mounted

0opposite a fine-mesh anode in a ball-over-plane 7Thcileelltso4Scree
configuration. With beams that were Initially
collimated to less thAn one-half the original
current, further collimation resulted in a pro- - Optical poti

portional reduction In emittance, but there
* appeared to be a minimum level below which the

emittance could not be reduced.
Variation of the diode potential over a 40%

range and zf the diode current over an 80%
range produced no significant change In tht .........

emittance. Extrapolating from this result,
emittances on the order of 40-60 mr-cmi appftar
to be realizable even for a 2-4 kA, 1.5 Mev
be. Pnhl e.
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ON THE DEVELOPMENT OF A REPETITIVELY PULSED ELECTRON BEAM SYSTEM

Gary A. Tripoli

ton Physics Company

Burlington, Massachusetts

Abt-act

A pulsed electron beam system -- PEBS-i1 -- has generator was designed as a two-section Guillemin

beendeveloped at ton Physics Company to generate C pulse forming network(PFX). Figure Za shows

an electron beam of Z00 keV. 4 A/cm , 2.5 cm X the basic network in which Iand C are noral-

T5 cm. 1. 3 psec. at high repetition rates. That ized capacitors and Inductors, the actual values of

system incorporates a gas-insulated PFN Marx which are determined by multiplying the L, by Zt

generator In Guillemin C network configuration to and the C1 by -/Z, where -z Is pulsewidth and Z !s

drive a cold-cathode electron Sun. System perfor- load impedance. Discharge of initially charged

mance corresponded to computer simulation of VI C I through LI into Z produces a parabolic rise and

waveforms versus gene raor-parameter and decay voltage pulse across Z as shown in Figure

Impedance-collapse variations. The effort demon- 2b.

strated the usability of a PFN fr energization of By separating the C1 and LI into a series of n

long-pulse repetitively pulsed electron guns. capacitors and n inductors each with value nCI and

L1/n respectively, the 2-section Guillemin C nec-
Zntroduc:!on work takes the fori' -( two parallel inductive

With cver Increasing power levels in electron beam n-stage Marx generatcs. Utilization of common

:echnology, there is need for increased efficiency interstage switches between the two sections

.n energy transfer through the various associated assures simultaneous erection of the two Mar-ces.

-ulse power subsystems. Design considerations A schematic of the PFN MaLx. less triggering

for a repetitively pulsed electron Sun are such circuitry, Is shown in Figure 3.

,hat nominally rectangular electron beam Because actual generator. -ipacitor and inductor

olt;a~-currert pulses are therefore required. A values are dependent on lad impedance as well as

system which generates such a pulsed electron ulsewidth, a model was developed for the electron
beam - PE!-3S-JU - shown in Figure 115s described gun which constitutes the Z of the PFN.
with regard to its theoretipal design and actual

operating parameters. A cold cathode electron gun with space charge

limited flow Is characterized by the relation:

Theoretcal D eisn kV312(d ut)2

For purposes of generating a nominally rectangular

electron beam current pulse, the -EBS-1II pulse where 3 current densityfA/c-), V = gun voltage
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i\ n AN apicmL u ' plasma. propagation veloc- virtually eliminate the power loss associated with
tytmsec ', t a tineiseci and k u 2. 335 x 10"6 ,  resistive charging. Ordinary magnet wire was

With consideration of required electron energy and wound on an acrylic cylindrical support to form

current density, there follows the value, d, of Cte each charging inductor.

AN: ;ap. An estimate of beam spread of 1. 5 d to Triggered mid-plan spark gaps comprising

2 d within the diode along with beam length require- elkonite and brass electrodes were incorporated
meits giyes effective bame area. In such way' as interstage swlches. Positioning of these
total gun current with known gun voltage leads to switches within the main pressure ves~el presented
gun inpedance, each switch with a large volume of gaseous dielec-
An i.itial approximation. then, for the PEDS-UI tric, afforded UV Illumination among gaps, and

gun impedance was Z - 56. 3(-2. 7 x 10 t)". A provided easy access for adjustment purposes.

computer circuit analysis program. ITRAC, used During sustained PEBS-11I operation into & dummy

to evaluate V and I waveforms for generator par&- load these ten switches each passed > 5 mC per

meters of L I x317 PH, L? a I$ 11H. CI a 8.5 nF, pulse at 55 kV, 5 kA peak, 1.3 1sec, 20 pps.

C, a . 9 nF, and Z as above produced simulations Electron Gun
shown in Figure 4.

The PEBS-1I electron beam output of 4 Alcm

Pulse Generator over 2. 5 cm x 75 cm was generated by an electron

The PEBS-11i pulse generator comprises two gun with cathode comprising three lZrm thick

parallel ten-stale inductive Marx generators in tantalum foil blades positioned on a stainless

Guillemin C configuration with common triggered steel focus electrode and blade suppo- structure.

spark gaps as shown in Figure 1. All components A customer-supplied stainless steel water-cooled

including generator capacitors, generator induc- hibachi supported a 50 &m thick aluminum anode (oil.

tors, charging inductors, spark gaps, and associ- System Performance and Conclusions

ated trigger circuitry are gas insulated by common

location within the main pressure vessel As
shown, access to components Is aforded by their Figure 5 which shows a gun current pulse corn-

shownedccess todcomponentscisraffordedebyCthei

positioning atop a support platform which is canti- pared with a dummy load current pulse. Close

levered from the main pressure vessel endplate. agreement between the two actual waveforms as

well as the computer generated waveform can be
Generator capacitors and inductors were designed sees. Beam current and gun (shank) current with

so as to permit matc:hing the PFN to the time vary- and without focus electrode are illustrated In

ing electron gun impedance. Specifically, the sec- Figure 6. As shown, the focus electrode increases

ond section capacitors were of multisection con- beam current, reduces gun current, and increases

struction to allow - 200't variation for risetime gun impedance as expected.

considerations. The generator Inductors were of

multiturn expandable/compressible construction to evem of the us demn e

allow - 50 variation for pulsewidth considerations, effeciv ns of rpor ting pulseworks for energi:ation of repetitively pulsed

Interstage charging of the PFN Nfarx capacitor electron guns. Such utilization serves to improve

banks is by means of charging inductors so as to efficiency as required by large scale systems.
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IV

Fliure 1. P E 3 S - I I I PULSED ELECTRON BEAM SYSTEM

Zii

Gu~lemin r Network
F r2a.Dummy Load Eectron Gun

/ \ .. . Figure 5. Shank Currart Traces

- F5kA/d, lusec/div

--!;ure Zb. ~*00 Figure 3.
Cutput Voltage lWavefornm F

PFN Marx
.Network

--. Shank Currevt Beam Curre nt
.•-. '" ._-". ScA/div, Su sec/div *SkA/dlv. .u sc/div

F

F1gure 4. Computer Simulation with "S
Tlme-Varylng Load Figure 6 £ffect of Focus Electrode
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VDLOAtPEJ( OF HIGH P Z'-4?09-RATE V=LSE 7OIL GEXMRTOPS

R. .. Soika and G. K. Simcox

Physics Znternatioral Ccmp&Ay2700 Merced Street
San L andro, California 94577

Abstract 9Th. special treatments for watkr nder

repetitive streusee and the assignment of
The design and devtlopment of suitable design morssoi

repetilion-rate, ()1 kla) pulsd power generators OTM electrical and mechanical desist of a
art di cussed and a sot of chosen design spark gap switch for maxiak repetitive
approach.. presented. The ensuing technical operation and adequate lift
appruachcao for the pulse forming betwork, MrI( Por the entire system, there ware many issues of
switching, and MI charging mdulatore are great significance for hih repetition rate oper-
described. ey dlements of the system ie the ations
dtionized.water, fast-eonerg store, and & flowing strime powtr
air spark gap switch, both capable at operation at *Pulse foraing line charge ontrol
higher than a I k repetition frequncy. Dased *Capacitor and component 1.it
on this design and development effort. the STrigper generators

technical issues of high repetition rate pulsed oseat transport
power systems are disciessed, and reacimedatione oNigh averae power d&my load

are offered for further study &Ad devlopme of *G s and water flows
dielectrics, spark gap mwitches, and high power o devlop the mor switch and dielectric
modulators. technologies, satisfactory solutions for all these

Introduction issues, and more, had to be found.

This paper give a shor. description of thisZn recent years, ]Physics internatiol (]11) swork and treats the important topic of spark gp
has invested in the study and development of rpe- switch performance in =o detail.

titively pulsed power systoe. Sme emphasis has
The Experimental Arrangement

been given to the generation of short, na esiond

regime pulses into low-impedance loads at A schematic of the switch test bad is shown

repetition rates in excoss of I kz. in Tigtre 1. The pulse forsing line had a
Blumleiti cnfiguration with an output impedance of

-The water-insulated pulse forming line and 2.0 ohms. This line is shown as two 12.3 nF
spark gap ware used for the critical final. energy capacitors, storing a total of 31 joules at 50 kV
store and switch. At the outset, there were very h r
few data to support this choice, but there wore

reasons to expect that the' outstanding character-

istics Of water as a dielectric and the spa.k gap , '
as a switch in single pulse systems could be re- t'441,,,

taned to an adequate extent for repetitive oper- F awtc sricl Blumlein
Figure IElectrical schernsilc sic kBlmenPFL test circuit.

ation.
charge. The Blumloin was erected by the aid-planeAS a reslt- of th is choice, t iald~ate
spark gap switch under test. An output peakir:7

issues to consider were:
spark gap switch of similar main electrode

. . . . ..0i



geometry initiated the load discharge. comonents. Soso of the feature. necessary for

The pulse forminq line vas chaxged in 5-10 me success worst (1) the ue of the thyratron's

perIod& by a sLmple modulator arrangement of a reptition and recovery characteristics in the,

25.4 nr capacitor and thyratron switch. This main P. charging circuits end the trigger goner-

first energy store vas resonantly charged from a atarp (2) the understanding and damping of

dc power supply of about 50 IW capacity. voltage and current tx•raienta ad (3) the motic-
ulous design ad assembly of high-current-donsity

he test bed was equipped with dag ostic cont" " and J .

eaturtes to casure all the necessary vltagest,

currants# temparatutroo, pressures, and flowe.Ina$e"ttcnaculte16sosn
just 1 a1ste coatn accuyulate 1o0 sate inm

.he computer model for this circuit &ad the 3uat over I5 minutes, cetin key mpont mut

predictions for load voltage, current, and eneigy be rated mre conservatively than usual for

as functions of time are shown in rgv.re 2. single-shot pulsed power deelgnes. Figure 3 illus-

it} 0 64nH tratee the physical differeces between sr-cm-

TPOWER ott) SW 2.Of parable capacitors for repetitive (10) 'Ind

Isingle shot (10') duties.I OUTPUT VOLTAGE
Vp. 85 kV MX

-~~~v Ip ava ,11, "

>05%V p Al'

DELIVERED ENERGY I IVo(t0I(t0dt Fgwm 3 RoetIwVWdl r nle OW MCIML
4 40 ns -' "

< '/ 26 Joules Dielectric Strength of DeLonized aeter

1I foulu"
L J; Although it was not the primary aim of this

F;ure 2 Orcuit conctat and wvufotmi for s I kHz pulsed Power work to study the breakdown strength )f water aS a
3oDl;CM00. function of frequency, some reasonable estimate

3oneral Coamns= on t e Experimnt was required up to I k~s. Therefore, as part of

the charging modulator development, a water test

T.he test bed performed in accordance with the call wee fabricated and coupled to the modulator

predictions at repetition rates up to and greater output. ror an electrode area of about 6 cm:', an

than I kilz for periods -4p to one hour. The time effective strss time $10 um and with flowing

delay Jitter of the load discharges could be stab- vater of - 10 N-c resistivity, the breakdown

Lli:ed at - 5 no, and the misfire rate durinq pro- strength at 1 kz wae found to be (100 kV/c. The

longed operations ws. insignificant. test cell could be operated for 5-10 =inute

periods. without breakdown at stresses below

For this successful operation, all the aux- 85 kV/cm peak.

iliary functions and features of the test bed were

required to operate with at least the reliability Subswquent experience with the pulse forzing

of t.he ajor PFL dielectric and switch line, which was desiqned for peak stresses of
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80-85 Wl/c=, wnftrmd this stress level to be

reasonable !or areas o 103 =2., provided that the

water flow was symetrical within the line

stt czure. In addition, It was found that

moderate pressure of a few atmospheres greatly A

an.Uancud writ long-term- :eliabilty.

Pe..ormAnce of the Spark Cap Sw4tch

The spArk gap switch that wa tested utilized

vortexc gas !low to provide adequate switch -

recovery and cooling. In tMs switching concept,

tangentially Inected air sweps the sides of the

insulators as it spirals into the spark chamber

0fromn which it exhausts through the min

electrodes. The exhaust port. in the main -'

electrodes are flared open to minimize flow

impedance and aid in 9a cooling. The vortex flow

prevents the hot gases and spark Atacharge debris

from coming in contact with the insulator, Flfm 4 FAwidaswekWawith

typically fabricated of acrylic plastic. This

concept is also advantageous for switch recovery

and high repetition rate operation since the Blumaoin PM circuit previosly mentioned. The

debris exhaust* into a field-free region i.e., witch performanc was evaluated in term of the

into the center ports of the main electrodes). F gain defined as

turbulent flow is also needed in the switch to aidin gas heat tranfer during the spark Gain - PFL Peak Output Voltale
a iPFL Charge Voltage

discharges. For these reasons, the vortex-flow

spark gap is believed to be ideally mited for

high repetition rate operation. The current pulses in the switch were typically

22 hk peak with a half-sine duration of 100 ns.

Electrically# this switch design consists of Figure 5 shows the switch performance for 50 kV

two electrodes separated by a 2-irch-thick mid- .. . . . .

plane trigger electrode. An ultraviolet tj a A

Illuminator is incorporated into the trigger i

electrode to ensure low-jitter switch operation. 1 1.4

The electrode tips and the illuminator pin are

fabricated with K-25, a copper-infiltrated

tungsten alloy consisting of 75% tungsten and 25% 3 3 4 S 6 1 1 1 0 I 1"

copper by weight. The electrode tips are also NMMN54Mof5~..b.

contoured to avoid electric field enhancement and Figute 5 Swihchpedonnante.

to promote uniform arcing and erosion over the

electrode surfaces. A fabricated switch of this operation at I klz. Nota that the PrL gain

type is shown in Figure 4. decreases rapidly after 7 million shots. This

behavior is attributed both to electrode erosion

and spark gap resistive phase losses. Various
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empirical laws have been used to characterise the *o.tal Pulse Energy 26 joules

reuiative phae or the time-varying impedance of o0.lay Time Jitter -9 S nm (peak

xpark gp*1"3. In enoral, thse experimental to peak)

Investigations agree that the resistive phase Pule Repetition Rate 1 USla

losses ate inversely p oportional o Zn', whe r (XoC nulosi) n

is the electric field stress of the park gap and

n is an empirical constant vazyin between 1.0 and

2.0. As erosion occurs in the spark gap, the n general. the transfer of former single-

Lnterelectrods apaclng increases. and shot, pulsed power technolog to repetitive opera-

operating field atrenqgth of t g tion requires the inclusion of many -w

decreased. For the*e conditions, the resistive techniques. including those of microsecond

phase losses will incrase and reduce the PM goin modlator technlogy.

or output voltage of the generator. -his behavior A completely now ddtA base s required for

was Also verified by the air heatinq in the sak dielectrics, enlarging upon the excellent work of

gap switch. roe example. At .he start of testing, AMI, JAlderXaato 4 . It is unlikely that the con-

. ,oules per pulse were dissipated Lk the switch. serrve atrefes ot . ower Industry can be

vhile after 11 million shots, 10 joules per pulse adopted, but the Literature in this area is exten-

were dissipated. This amount of energy represents sly and way be used as a guide to obtaining

20-30% of the stored PM1 energy for thia acceptable dielectric performance in pulsed stress

enerator. "provement of the generator's repetition.

efficiency is believed possible by optimizing the The ecllent potentials for the spark gap

spark gap switch design. The following moasure switch have been demonstrated. This switch has

can be takent (I) reduc-tion of electrode W sp-,ec outstandLng characteristics for fast pulse forming

Lngal (2) choice of proper electrode materialsi line applicatione provided that the design is

and (3) batter understanding of the esistive specifically for this purpose. In some

2hases of various goes*. applications, the provision of adequate life will

Oversll Pulsed Power Coerastor Performance depend upon mre elaborate mechanical design than

has previously been necessary.
.he perform4noe of the pulsed power generator

was examined In terma of the energy delivered to a I]ypztICzs

63 nH. 2 n load consisting of a 2 0, water-cooled, 1. T. P. Sorensen and V. M. Ristic, "Risetime and

potassium-chloride-solution resistor Ln series -ime-Doegpndent Spark-Gap Assistance in Nitrogen

with a two-electrode, vortex-flow spark gap. .he and Helium, J. Appl.Phys., A, 114-117 (1977).

PM1 output voltage and total load current

•aveforzw were monitorod with a fast-remponse 2. R. C. O'Rourke, ":nvetig-tion of t-he

t- ! n3). resistive di-'ider and Rogowski current Resistive Phase in High Power Gas Switching,"

-on tor, respectively. The waveforme were digi- Research and Development Report., Science

tized on a computer, and the energy delivered to Applications, Inc., LA Jolla, Calif.

t-e load was determined. Within the 1 St accaracy

of the measurements, the .ollowing performance was 3. K. Cary, Jr. and J. A. ,azzie, Tixe-Ml- olved

achieved by the enerator: Resistance During Spark Gap Breakdown,* Thirteenth

*Output voltage 60-85 kV Pulsed Power Moduator Symposium, =Z5 Conf. Rec,

*Voltage ise.-cw < 03 no pp. 167-t72, June 20, 1978.

(5to peak)

eFast Pulse Energy 19 4ouleg 4. j. C. Martin, et al., Dielectric Strength

eDuration of Fast 42 no Notes, 1-16, AWP1, Aldermaston, England.

Energy .ovember, 1965 - June, 1970.
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FROZEN-VAV'E HERTZN GENERATOR.S:

THEORY AND APPLZCATIONS

.ari* L. Forcier+ , Millard F. lose,

Lar.-y F. Rinehart end Ronald J. Cripshover

Navel Surface Weapons Center

Dahlgrer., Virginia 224S

Abstract

"Frozen Wave" Hertian generators have been built consider Fl's as high repetition rate, short

which can produce :ultlidlovaet .F pulses in the pulse length 13 generators; the last part will

megahert: frequency range with repetition rates of describe FWG's as video pulse generators with

O's of kilohert:. These generators do not have a variable pulse duration and interpulse spacing.

da--ped sinusoidal output; they generate a discrete, All of the generators considered here are con-

controllable number of rectangular half cycles. structed from standar4 50 ohm coaxial cable.

The output waveform can be discretely chanted from However, any transmission line (e.g. szripline)

one half-cycle to the next. At the higher fre- which can be adequately matched to the switch and

quencies, discontinuities ic the switch and disper- load could be used.

sion in the ca.les round the edges of the rectangu- FWG As An XF Source

lar half cycles, causing the output waveaform to be
To understand how the M- operetes consider an early

nearly sinuso-dal. These generators have also been

used as video pulsars with variable pulse duration multiple-switch version of the generator (Fig. 1A).

and interpulse spacing. Frequency. power and pulse In this device, energ from a power supply is

width limitations will be discussed, statically stored in alternately charged sections

of the transmission line. hon the FWC is used as

an .F source, there are an even number of cable
Introduction sections, all X/2 in length (for the operational

in recent years there has been an increased interest frequency of the device). A two cycle device is

in Hert:ian generators as a means of generating Illustrated here. If the static potential on the

extreme .F power levels. Host of these devices outer conductors is plotted as a function of

(e.g. L-C oscillators) produce an RF envelope whose distance (d) along the cable, one obtains the static

a=plitude function is a decaying sinusoid, limited spatial potential distribution shown in Figure lb.

in time by internal damping as well as dissipation A two-cycle square wave pulse is "frozen" in the

in an external load. They cannot generate a short cable. The charging resistors Rc serve to isolate

RF pulse with a rectangular envelope as is fre- the power supply from the MW,, thereby protecting

quently desired in very short-range radars and some the power supply when the switches close. If the

co=:unicatlon requirements. switches are assumed to be perfect and are closet

This paper describes the design and implementation simultaneously, a series of traveling waves Is

of a distributed parameter "frozen wave generator" Initiated in the cable sections which allows the

(NO) which can be used as an &F source and as a previously frozen wave train to =ove through and

video pulser with variable pulse duration and inter- dissipate in the load. Two traveling waves

pulse spacing. The first part of the paper %ill traveling in opposite directions are initiated at

each switch. However, the effect of all of these
+gork performed as part of 1;SWC Graduate Cooper- waves is that two replicas of the initial frozen

ative Program (Univ. of Virginia). wave =ove in opposite directions toward the load.

.... .. . . .. . .. . ..0
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If the load is matched to the Senerater (AC 2 Zol, outer conductor every half wavelength (i.e. the

RL effectively ter"inates the transmission lines switch does not maintain the 50- geomecry). As

and no reflections occur. Since the cables dis- more X/2 cable seccions aze added to the anerator,
char;e Into a matched impedance the potential at the later cycles In the RT pulse must travel through

each side of the generator Is one-half tha charging the switch more tines, causing the waveform to
potential of each cable. In this case the voltage- degrade progressively.

tine waveform generated across the load Is exactly Attempts have been made to solve this problem by
analogous to the spatial waveform shown io Figure minimizing the discontinuity associated with the

lb. The potential on one side of the lead become Spark gap switch. At the present time, only about
C. V0 A) hile the other side becoes C- 'ta/A); I cm of unshielded cable length is necessary to

hence, the potential difference across the load is insert the switch.

V012. After half a period the potentials at each

end of the load reverse, again developing a poten- Ideally, the addition of more cable sections to the

cial difference of VI0/2 but nov with the opposite FW circuit should correspondingly produce more XF

polarity. The time for each half cycle (half cycles. However, because of the discontinuity of

period) is X/Zv , where X/2 is the length of the the cable Impedance at the switch, it is difficult
cable section and Vg s the propagation velocity to generate more than two or three cycles with anin the cable. 

acceptable vaveform at the hundreds-of-megahertz

frequencies. Four to eight cycles are practical at
If R does not terminate the generator transmission tens-of-megahertz frequencies.

lines, reflections will occur at the load. These •

reflections will complicate the waveform across The repetition rate of these generators is lied
:he load especially in late time. Under certain chiefly by the spark-gap switch's turn-off time; the

special conditions part of the load can be =is- switch most open before recharging for the next

matched to obtain longer waveforms. This cast pulse can begin. Dielectric gas species have been

will be. treated in the latter half of this paper. important factors In the development of the spark
Sap switches. A number of empirical experiments 0

The multiplicity of switches needed to operate a have led to a gas mixture which is 95-percent argon
generator in this configuration necessitates pre- and 5-percent hydrogen. This mixture exhibits the

zsion triggering with a switch jitter that is fast spark-quenching characteristics of argon which

nuch less than a period of the frequencies of are necessary for high P.F and the high-voltage
interest. This restriction wuld keep the FI; a standoff capability which is characteristic of

laboratory curiosity If it were not possible to hydrogen. Another advantage of this mixture is thac

replace the =ultiplLcity of switches with a single it generates very few decomposition products In the

switch. In Fiure la note that the ends of each gap.
zable section are at the sane potential. This

permits cne to fold the cable sectionr into half Table I shows the general performance characteris-

loops about a single switch as shown schematically cics of some of the Ml'Gs built at %AVSWC. The

in Figure 2. The center conductor Is still numbers represent levels at which the devices can

continuous throughout the cable sections with the perform at 10- to 20-mn. intervals. Higher per-
load across its endr. In this configuration the formance nay be obtained for shorter tines.Table 1.
jtacc or frozen -ave is stored In the cable Device Peak Power (kW) -

sections jusc as in Figure Ia. hen the switch Z cycle (N 130 M:) 60

is closed, replicas of the fro:en wave again Dual 2 cycle e',130,=z) !0

effec:ively travel In both directions co the load. 2 cycle 40 MHz) 1400

As shin in Figure 2. the FI'X is a continuous 3 cycle ( 60 , z) !500

length of the cable wi:h a discontinuity in the 2 cvcle (0 800 ,lz) 20
Characteristics oi F W built by %AVSCIDL.

mA0
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FU As A Variable Pulse Width Video Pulse Cnerator statically fro:en In the Ienerator is much different

A cursory examination of the FV scheatically than in the previous configuration. Catle [2 in

illustrated in Figures I and 2 may lead one to Figure 4a has no potential difference botween its

believe that waveforms with consecutive half cycles inner and outer conductors, while cable LI has the
of different periods could be generated by merely entire potential V. across Its Inner and outer

using appropriate cable sections of unequal length. conductors. If one starts at RL and travels clock-

H1owcver, a closer examination indicates that this vise around the FWC cables, the static spatial

Is impossible unless the frozen waveform is anti- potential distribution ia given by Figure 4b.

symmetric about its center. Since the frozen wave The output wavefor= across L, U video pulse (V /2)

effectively ::rvels in both directions toward the high and (Ll/V ) long, Is illustrated in Figure 0c.
load, any asy-tcry would cause the voltage across I P

This corresponds to only half of the energy stored
the load to be different than that of the frozen In the M ; the outer half is dissipated in Z .

wave sincd the potentials at. theendsof the load Tha waveform in RT is shown in Figure d. Trom the

would no longer invert their respective potentials Figures 4c and Ad one observes that cable , acts

at the saie time (since the half periods are not mrely as a delay cable for the pulse which is

equal). tored in cable L1"

To elucidate this problem further, consider a FVG Consider now the case in which ) Z0 such that

with two cables of unequal lengths L, and L,. The the FVX can still charge properly, but where

static potential distribution or frozen vave of lI

this arrangement is illustrated in Figure 3a. The l e an Then the pulse enerated in

temporal potential on one side of the load would traveling through ill be reflected in phase at

be given by the vavetform in Figure 3a. (Again the tae. th te will e tvel hrough

potential is halved because the cables are dII- and is an d a e in the outp u a

charging into a matched load. The values for the -

temporal waveform- are given In parenthesis.) The form in L2 will then be as shown in Figure 5a. The

number of pulses have doubled and theoretically all
potential on the other side however would be the of the energy stored in the FWG is dissipated in R.

tine inverse of Figure 3a given in Figure 3b. The

potential across the load would therefore be the Consider next the czse in which RT < Z0 ; Ir then

difference between che Figure 3a and 3b waveforms, looks like a short circuit to a pulse traveling in

i.e. Figure 3c. For the time corresponding to the cable L2 . The pulse traveling in L, will then be

al2f period of the short cable the output wveform inverted and reflected at R1 " The output wavefor

is what would be expected; however, after this time will be as shown In Figure 5b. Once again the

gross distortions in the output wave compared to number of pulses hove doubled and theoretically all

the frozen wave occur. A half period corresponding of the energy stored in the FUG is dissipated in RL'

to the longer cable never occurs. By using different cable lengths for cables LI and

To overcome this proble= the configuration of the L2 pulses of various pulse widths and pulse spacing

FG must be changed to permit an unbalanced output. can be obtained. By adding more cables more pulses

Figure 4a illustrates one way to accomplish this. can be obtained. rhe only constraint is that the

For simplicity a two cable generator is considered, later pulses must travel through the switch discon-

The cables are again of unequal lengths L, and t2' tinuity more times, and they are thereby degraded.

The output of the F-G has been divided into RL and To verify that these waveforms could be obtaned,

R... Usually LR is the load and RT a terminating several low power (V° - 9 volts) FWG's were con-

resistor. If P and " both equal the surge impe- structed. A mercury wetted reed switch was used

dance Z 0) of the transmission lines no reflections to switch these .'Ws instead of spark gap switches.

will occur at the load. However, the wave A generator which has the same basic configuration
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-s Figure 4a will now be described In more detail.

A six segment (3 cables charged and 3 delay li LOA

F 'C was constructed. Starting at the load end COAX CABLE XtZ CABLE SHIELO SECTION

(RL) of the generator the cable section half CENTER CONOUCTOR--

periods were, respectively: 50ns, Ona, 3ons, 2Ons, /

10ns, and 5ns. R_ vai chosen such that ) 10 Zo.

Figure 6a is the output current waveform In RL. Afr

expected there is A 50-n pulse followed respec-

tively by a 40-nm delay, a 30-a pulse, a 20-n/
delay, a 20-ns pulse, end a 5-us delay. The pulse CHARGING CHARGINGRESISTOR RESISTOR
then reflected by 1kr follows in inverse tcim with. +4-

the sam polarity: 5-u delay; 10-ns pulse, 20-ns SPARK GAP SWITCH

delay, 30-ns pulse, £0-ns delay and O-ns pulse.

For this waveafor= one can also observe that the Fig. 2. Single Switch, Two Cycle FTW.

shorter pulse lengths (higher frequenciesi and

later pulses suffer the :osc degradation.

Additionally, if the terminating resistor IT Is /2 (V -4 12
made equal to Zo, it ill have the current wave- VO/2 (V0 /4)

form shown in Figure 6b. Since the 5-na uncharged (a) I I d(t)

cable seccIon is nearest RT, the vavefors will be:

a 5-n delay, 10-na pulse, 20-us delay, 30-ns pulse,

4O-ns delay, and 0-u pulse. This is tbe end of

the waveform since R.L temineqres the other vide. of V0/4
th e IX; h e n c e , t h e r e i s n o r e f l e c t e d p u l s e . (b ) - 1O/ 4--! .

COAX CABLE
CENTER CONOUCTON\ A.1 CASE CTION

Vo/2

to) 4 0 /21

AC - CHARGINO RESISTORS- AC

•.vo02 .voy Fig. 3. (a) Static Spatial Potential

Distribution for Unequal Length

(I .- ~ ~1 ~ -2 cables (temporal potential[b) 0 •d

.v w2 waveform on one side of the load

Fig. 1. ,jultiple Svitch Frozen Veve Generator 
is given in parenthesis)

(b) Time Inverse of 3s (this is the
a) StcMcailly temporal potential distribution

for the other side of the load)
bution in the Generator (c) The Potential Difference across

the Load (3b subtracted fton

3a).
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RC 
Fig. 6. Cufrant Waveforms for a Six Element

* 
Video ruls MuG

Vo.I (4) current waveform in 1 for(b) RT I.). Zv a' ": (50 ,,Slaty) fo

/VP(b)Current WJaveform in IT.fo- I1/vP k
-h Zo (20 nsldiv)

_ ., +Vp;_. Sponsored by Advanced R starch Projects Agency

Ic) Idl through the Naval Air Systems Comand.

Fi;.4. Video Pulse

(a) Schematically

(b) Static Spatial Potencial

Distribution

(c) Temporal Voltage Waveform across

RL
(d) Temporal Voltage Waveform across

Vo.2 l22VP V' - 1 o2 212drV

* is 1 *

181 lbi

Fig. 5. (a) Voltage Waveform across RL for

(b) Voltage Wavefor= across L or

<< z
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9.3

A 500 kV l-ATE MW CMI TOR

J. svNAI0

Mawev l Laboratories, Inc.
835 lalboa Avenue, Sao Diego, California 92123

Abstract

.An affticent PF4/,Harx Senerator was constructed pres% it program allowed the design to proceed with

for generating high average power electron beams. a minimum of switch developmnt. By incorporating
he enrator consists of ten 100 kV M. stages a pulsA-forming network (?F4) into the Marx design,

connected in 4 .arx configuration. The .arx genera- the system s4a made *fficient with an output suit-

tot tzploys purged ;as switches. The nominal able to the electron bass load.

operating parameters are:

Voltage 500 k The goal of the program is to develop the tech-

Current 10 A nology for scaling to larger system, both in the

Pulse Duration 1 uisec areas of the pover supply and the electron bean

.*p-.ac to 100 H& loads. Toward this end, a 500 kV device is large

Average Pover to 500 kW enough to ensure that scaling can be demonstrated.

This paper discusses the Marx charging power condi- In the present paper, the Marx generator and

cioning and the operation of the generator into associated power conditioning will be primarily

resistive and electron bean loads., discussed.

Xarx Generator Desi1n Considerations

Introduction Initially, the Harx generator was used as a single-

Electron beams have been used for some time in gas shot device In a cold cathode development program.

lasers either as a source of loni:acion or as the Two circuits were considered In the design of the

prim-ary pumping mechanism. The extension of the P.N/,erx generator; a Guillamin Type A voltage fad

gas laser technology to high average power requires network (shown in Figure 1A) and a standard 5-section

the developanc of repetitively pulsed electron PFM s shown in Figure lb. Both circuits have real-

beams. In the direct pumped schemes, efficiency is istic values for components in terms of available

;i prime consideration. This linits the type of capacitors and values of inductors.

technology which can be used, especially at higher

voltages and power. The work reported on in this After initial consideration, it was decided that the

paper is aimed at developing technology primarily PFN/Karx approach was more suited to the present

for the dieect pumped application. application. There were basically two reasons for

this; first. calculations indicated that, for the

Since a Marx generacor is an inherently efficienc present parameters, the PFN/Marx circuit would have

cLrcuic for generating high voltage, it is an a slightly faster risetie than a Guillemin Type A

actractive approach :o high average power, high necork with a single resonant circuit. The manu-

voltage aystems. The availability: of proven facture of several values of rep-rate capacitors for

'CO 0 rep-rate switch designs at the start of the use in resonant circuits was considered imprac:tcal



with the then existing budget. Second, at the of the efficiency requirements, inductors arc used

inception of this program, the Impedance collapse to charge the ?PF stages. The charging inductors

in cold cathode guns wax a major issue as concerns must be large enough so that oply a small fraction

efficien: energy transfer. In the ?FT/Varx approach, of the energy is lost during the pulse and small

it is more straightforward to caper the impedance enough so that the Marx stajee zan be charged

profile of the trans-ission line to compensate for uniformly. For the 2500 0X values used here, onlv

a collapsing impedance. 1.22 of the energy is lost in the inductors during

The output paramters of the generator were chosen the pulse and the 40 mH inductor in the intermedia:e

to be: store still dominates the charging.

Voltage .5 MV

Current 10 kA

Pulse Length %I Usec

Current Density %10 A/ca Marx Chartint Suplv Desitn Considerations

These values give an impedance of 50 ohms for the 1: has been found that for reliable spark gap opera-

generator. Because of the availability of 100 kV tion at rep-rate, a "grace" period Is necessary

switches and rep-rate capacitors, a 10-stage wArx/ before reapplying the voltage. Alternately the

PFN was decided upon. voltage can be reapplied so slowly that restrike

will not occur. The fault mode that causes most

A practical number of mshes in the ?lNs is five. concern Is a spark gap "lock-on" where the primary

The PFN as made 10' longer in an attempt to get supply is connected to the gap. This sometimes

longer flat top on the pulse. ased on these con- causes the arc to walk out of the gap and onto the

siderations, the Pr s had the zero order design insulator causing severe damage. Because of this

parameters of 5 ohms impedance and an electrical concern, it was decided that the Marx charging

length of .55 Usec. should have two stages to decouple the Harx from
the primary power supply.

A circuit diagram of the Marx generator is shown in

Figure 2 and in outline in Figure 3. The switches The Marx charging circuit is shown in Figure A. To

and PFN stages are oil insulated and suspended by initiate the sequence. S1 is closed and the inter-

nylon straps in an oil enclosure. This design makes mediate capacitor is charged through diode D1. After

modifications such as changing the PlN inductors, S1 has recovered, 5, is closed and the Marx is

relatively simple. After initial operation in the charged and fired at the peak of the charging wave-

single-shot mode, the switches shown in Figure 3 form. Ie switches S1 and S2 are closed by

were replaced by rep-rate switches and the gas superimposing a fast trigger pulse on the gap

purge lines installed, causing breakdown. It was found necessary hkre to

have in auxiliary UV irradiator to make these gaps
To simplify the circuit, only the first two switches operate reliably.

were triggered. The remaining eight gaps were two

electrode switches and were closed by the erection The resistor R1 is used to control the voltage on

wave in the Marx generator. To ensure reliable C,. This approach was adopted because of budgetary

operation of the Marx generator, the stray capaci- constraints and the desire to use proven power

tance to ground of the positive side of the third supply available at a somewhat higher voltage than

switch (the first two electrode gap) was enhanced necessary (manufactured by Electro Engineering

by extending the ground plane between the second Works). A variable voltage transformer in the pri-

and third stage. This increases the over voltage mary of the supply would eliminate the need for

of the first two electrode gap. For the Farx to such a large resistance. At this stage, overall

erect reliably, it was necessary to install an efficiency is not an issue and it is more econo=i-

auxiliary irradiating pin in each gap. Because cal to throw away so=e power.
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Fesistive Load Tiecis somewhat, buc the width (FM0I) of the power pulse

The PF /,arxc generator was tested into a dummy load is '14 usec which agrees with the calculated value.

and nco various types of cold cathode emitters.

Typical output waveforms are shown In Figure 5 for orte ener Ish . the figure t 5.9 Q

mingle-shot operation into an electron bean load. ted nthe int5.5ediape se cpar . is

For this case, the voltage risetime Is %.l usec and

the pulse width is %.9 Usec. The Fa.sx has been uives a .arx efficiency of 90Z, although the values

tasted at charge voltages from 50 kV to 100 kV and are the same within the accuracy of the measurements.

found to have an operating range a factor of approx- At 50 Hz operation, the average power is 275 kW into

iately 2 In absolute pressure for a given voltage. the electron beam.

T'he usual operating point for the Marx is m,2/3 of

the selfbreak voltage. Switch Ferformance

.A limIted Amount of casting under rep-rate condi- There are four switch operating conditions in the

tions was done Into a resistive load at the output system: two in the .iarx charging supply and two In

of the Marx generator. The purpose of these tests the arx generator. All thi switches use dry air

was mainly to test out the various subsystems. The and are fed by a gas blov-down system. Only a

volu-=e of the liquid load resistor limited the limited amount of work has been done co explore the

number of nulses per run to %50. A typical output operating range of the various swiLches and the gas

is shown in Figure 6 with a nominal 50 oh. load on flow is much more than adequate based on previous

the arx. The Marx charging voltage and the output work.

vol:age are shown in the figure. The measured The sitches S1 and S, In the Harx charging supply

peak output voltage of 450 kV agrees well with half are Identical to those described previously.' The

the optn circuit voltage of 40 M. same switch without the nested electrodes was used

At the present operating parameters, the Mx In the upper eight stages of the Marx generacor

generator has a one sipa jitter of 0630 nsec. (.,). Three electrode switches (MI) were used in

This can probably be Improved by reducing the the first two stages. All the switches except S1

pressure, but no systematic study of this has been had a grace period of ,S mse, before respplication

attempted. of the voltage. The recovery of SI in Figure 4 was

controlled by the diode. The operating parameters
Electron 3ea- Tests of the switches are shown in Table 1.

Experiments on various cold cathode emitters have During the rep-race operation consisting of .l0%

been carried out. Typical output wave for-. are shots to date, no Marx preflres have been observed

shown In Figure 7. There are 50 and 100 consecutive for the present operating conditions. A few pre-

shots In the 5 If: and 20 H: cases shown. The fires of switches S1 and S, have occurred but were

cathode in this case Is a graphite felt cathode traceable to trigger generacor malfunctions. The

at a current density of %.10 Alcz. This cathode present operating values of the switches is ads-

structure has been tested up to 50 H: in short quate for reliable operation.

(5 sac) runs. The rep-rate Is limited at present

y ut;assing In the diode and work is concinuldS Acknowledgemenc

in :his area. The author vould like to acknowledge the 3ignift-

cant contributions by J. DeVoss to the design and

M2- zut;ut of :he generator with an electron bean construction of the major subsyscms and by L.

load Is 500-600 kV and .10 kA. The nonlinear nature Houghton to the construction and operation of the

;f :he Child's .cw load tends to distort the pulse facility. Acknowledgement must also be given to



. .unter, nov of Vestarn Research Corporation. Modulator S.V' Osu2=, June 1975.

under "hose Suidance this protram Vas Initiated.

_T-his work was performed under Sa1'scic ) U*sit
%A. Unrus. "rhia Deve1opment of a 100 W Multi- Defanse Systems Comand Contrac: Na.

N1;,eAuatt IRp-Rato Gas Suitch," 13th Pulve Power bASG 60-77-C-0055.

WLTA E &PAC EuRAT CMIWhI WC UMfj
* _ __ __TWeei(a) 50~ ph,(0 be(P) Falnco (SI s) MR r

OMXIG &MLY- V K
O~A~M3 WI.YI I I.

GCLnX) -1L0 .01. 2) .5 ).10 16 DO

M r2 I
(2 ucmowe) .W a11 27 .5 )1C 16 30

"STNUD Cusic FEET PER MINUTE.

Table 1. Suary of SvLtch Operating Paraeters.

S = . . ; . . .



.30

2500 1j 11c4o
Inductor See

ZSarjirg Load

Inductors

(a CuLl~i Diode .5 Volag Fed Kctv

I T. Circui T 3.1 K

~iarx Caneraco

To T (1ax wic

(a)GullmF pA vo ltae redic kwor

Uectrcm team river

HiSitc (2)ag

(Dieodee)

Loa0

We0



* 231

To Trigger To Trigger
Generator Generator

High T 10 fl TL 2 -4
4 . 1 To ,arx

. 2 C
$uppl)"I "1•

1 A

0. 0.- s ~ ..- ma.+ on 4.5 as

• Vol70 Voltage= - 7 0 VI-11o kV 
110 V

0 ~.'95 A 2I Me 1
Current Current I S l2

Svitch Intermndiate Store -390 A

'igure 4. Marx Charging Poj er Supply

Voltage

240 kV/div

Current
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Figure 7. Rep-Rate Operatton with an ElectronFigure 6. Rep-Rate: 50 Hz: I sec burst Beam Load
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A HIGH CURRENT PULSER FOR LPEILDiWi 4225, "NIEUTRINO ELECTRONI E2.TIC SCATTERXId,

C. Dalton, G. XCausse, and J. SArJeant

University Of California, Los Al=mos Scientific Laboratory
Los Alamos, New Xexco 57545

Abstract

Uich the advent of low-cost honeycomb extrusions of the advent now of low cost honeycomb extrusions of
polypropylene sheets, flash chambers have become polypropylene sheets, flash chambers (Fig. 1) have
very attractive for large nuclear particle detec- become very attractive components for large par-
cor arrays. This hias brought about the need for a title detector arrays. The flash chamber readout
pulse power system that ill provide high peak cur- system under developsent 'ill output daca at a
rents and lo levels of spurious radiation. Each rata of 2.5 x 10A bits per Interrogation. The pe-
nodule of 10 flash chambers will require a peak riod of one interrogation is less than 0.01 s as
currmnc ot 20 II with a rise time (T ) of 4 50 ns, coupared to the previous optical system outputs of

Living a maximum race of current rise d/dt of several hundred bits requiring seconds or minutes
400 KA/t;s. The pulser output must develop 7 KV to accumulate. It is clear that this new readout
across A 1nad of 0.36 n with a pulse width of method will be of great value when fully developed.

S00 ns. The repetition rate will be one per sac- At this point, however, the system is dependent cn
end. This paper describes the development of such substantial technology base developments in the
a svstem .nd the impact of the physical limica- high-voltage pulse power driver.

tions of present component technology on lifetime
and pulse fIdelity.

Intrcduction

In in article published in Nuclear Instruments and . A

:!athods, Volume 158, page 2S9 (1979), we discussed

a system which Allows rapid data collection from

particle detectors known as "Flash Chambers.' A -

flash chamber consists of a noble gas mixture con-
fined between two conducting plates in a dielectric A CHAMBER CONSTRUCTION

4oncainer. The conducting places are pulsed to a Figure I
high voltage level Ln coincidence with the passing Figure 2 shows A simplified, overall block diagram

af chared particle and a plasma is then formed of our instrumentation system. In this syscem the
in the dielectric container. Ac this point the flash chamber readout, the high voltage pulser and
Jaca may be extracted optically or in some cases the voltage monitors are the major areas of devel-

electrically. Until recently, data collection from opmenc. The high voltage pulser is of main concern
ilash chambers was a slow and tedious process be- ac this point and is the focal point of this report.
:usa a pnotographic mechod was employed. Complex- This pulser can be divided down into four separate
Ltv f .onstruc:Ion and high cost have also cur- areas: the load, energy storage, load co pulser
:ailed :he use of these novel detectors, but with 4r-~erfaca, and the switch. These Areas will be

Funded b)y United States Departmenc of Energy, Contract W-7405-Eng. 36.
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I.-Poricle path
I ,- Scintillation counterII

L Flash C hambOr Read Tocmue
Moueout Tocopuen

Logic H , '

EXPERIMENTAL CONFIGURATION

Figure 2 3igure S
discussed in this order. low Inductance are required, in conjunction with a

The Load life tie of 107 shots (4T8F, 90Z confidence level),

The flash chambers for this systei are 3-1/2 m by capacicor selection is non-trivial. At present

3-112 = with a thickness of 5 =, and art clad on capacitors manufactured by Axel, Sprauge and Murata

both sides with 0.05m of aluminum foil, torming are under test. The mica capacitors from Axel

a parallel plate capacitor with a capacity of 20 nF. Type ! 5AW have an iquivalent series resistance

Since these chambers have dienstions comparable to (ESR) of 2.10 0 for a 6.5 nF unit with an estimated

the pulse rise and fall times, they cannot be life of 1010 shots. The Murata DHS series capaci-

created with conventional transmission line theory, tors have an ESR of 1.90 fl and a guaranteed shot

and are being analyzed more as a lumped capacitive life of 10€. The Sprauge Type 720C has an ES. of

element than a true transmission line. However, '  6.4 fl and an estimated shot life of 106. With the

in order to have a point of reference the imped- above lifetime data the emphasis has been placed

ance of a chamber was measured and found to be upon the development of PFY utilizin; the Axel mica

r- f), and the transit time was measured to be capacitors.

10 ns. The above parameters constitute the pre- Load to Pulser Interface
dominant charcteristics of the flash chamber as In transmitting the poaer fro the switch and PFN
an electrical load. In the planned experiment assembly to the chambers, the characteristics of
there will be 450 flash chambers. Each pulsar ill both strip line and coaxial transmission lines have
have to drive a =odule consisting of 10 chambers, been assessed. Coaxial lines have given the best

Energv Storage results so far, but have not met design rise-time

For proper operation and peak efficiency the flash requirements. Coaxial lines worked well into a

chambers require a rectangular pulse, with a dura- resistive load (Fig. A), however, when the load of

tion of 500 no from a source with an impedance of the chambers was put on to a pulser output, the shock

5 0, requiring a pulse-forming network (PFN) to oscillations and impedance mismatch caused a severe

meet these needs. Initially a Type C PEN usa used, degradation in pulse fidelity and rise time (Fig. 5).

however, difficulty with saturating toroid induc- Further development of both transmission lines is

tors and poor pulse fidelity on the falling edge currently under way.

precipitated a change to the Type B presently in The Switc"
use (Fig. 3). In the first stages of PFN design, After an t market study and vendor inter-
computer modeling was used to arrive at a proto- actions, an EGbG thyratron was chosen for initial

type design. This prototype PFN was then tested protocyping. The choice of a thyratron over a spark
under load conditions and adjusted to compensate gap was based on the low spurious noise requirement
for distributed parameters not included In the and a > 107 shot life. The EG&G HY-13 is now being
modeling program. Since high peak currents and tested and at this point test results indicate chat
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chis witch ay well be just adequate to the csk. are being used for further casting of the PT1. The
In %rder to Laprove 6e switch performance ad so MY-13 at the presnc stage of coati" has success-
reduce even further the total number of swicches fully driven 402 of the load and at this cle looks
required. £040 's developing a new grounded grid acceptable. I= is anufacturing a new cube
th'racrcn, the Y-l313 for our specific applica- (MY-1313) vhich should improve the performance of
:!on and u. are now preparing a test geometry for the pulser.

this cube. Figure 3 shows the W-13 circuit lay- Zn conclusion there does not appear to be a problem
ut. :he PFN, switch loop and electrical ?F1l with the Mi or switch. The main area of concern

'lace:enc re the main layout changes foreseen. Is the intrface between the switch and the load

.hese chnies will reduce vr and improve the physi- and the problem is how to tranmit large currents
caL layout of the pulsar. To date we have tested with fast rise time into a capacitive load. This

the HY-13 CO a peak current of 5500 aperes into aspect of the system design is currently uder
a 0.9 il load and were able to obtain a vr of 10 as. detailed study.

This is to be compared to the goal of 20 VA into a
).. I'with a "r of 4 50 ns, masning a di/dc of

400

'ansderia sot lfe nd ER, he Ael apactor



* 235

e ~ercnced

1. C. m:o and G. K.rauss&, Vucl. Znst. and 3. D. Turnquist at al., PECG ApplicatLon Note
Mah. 15. :s9 (1979). H5005A-1.

2. S. Frted-an at al., 'Nuti-Gisavatt Iydrogen . £.Ivason, "E1ectromagnetc Shock Lines,"
Thvratrons uith Nano-Seccnd Usme Times," Los Alamos Sclentiftc Laboratory, to be pub-
Xodul3tor S"_., Suf!alo, NY. 1979. ished.



236

9.5

KrF LASER-TRGGER.D SA.. MQ FOR L-JIE';2 *T

V.. LR.poporc, J. Coldhar, J. R. .Xfurray, and 4. D'Addarto

Lavwrence Livermore Ltborarory
Univsrsity of California

Livero, CA 94550

Abe tract

An SF6 spark gap operated at field stresses of 60-

180 kV/cm cun be triggered vith sub anostcoad jic-
t4r by volume breakdown in ST6 Induced by as little

as 10 =J In IS ns of KrF last- radiation.

a-ork petror-ed under the autpices of the U. S. 0.-

pxrc:mnt of Energy by he Lawrtnce Liverore Labo-

ratory under contract n mber W-740S-L'C-48.
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10.1

EFFECTS OF SURROUNDING EDIUM O:N THE

PERF'ORMSCE OF DPLODING ALUtINM FOIL FUSES

T. L. lerger

Naval Surface Weapons Center

Dahlgren, Virginia 22448

Abaract

Flat alu=lnum foil fuses were exploded electri- evidence, however, that there way be mechanisms

cally by discharging a capacitor bank into a series other than corona discharge which lead to edge

com.bination inductance (% 600 nH) and fuse. The breakdown13 . The effect of volume changes is also

2.54 = 2.54 % 0.0023 cm foils were exploded In a not well understood. Although electrical conduc-

sealed chamber. -he time to burst and fuse tivity is known to be relatively sensitive to

voltage characteristics were investilaced as a volume changes, a constant volume approximation is

function of the fuse environment. Results are generally used in order to avoid difficult hydro-

given for foils exploded in various gases and dynamic calculations . Finally, we mention the

liquids, effects of the surrounding medium on fuse charac-

teristics. It is not clear, for example, what the

characteristics of the surrounding medium should

be in order to best inhibit electrical breakdown.

On the one hand. it is suggested that the surround-

Ing medium should confine the metal vapor in order

to inhibit collisionally induced ionization and

subsequent breakdown1  On the other hand, it has

Introduction been suggested that heat transfer and chemical

Electrically exploded conductors are useful in a reactions w'.th the surrounding medium can inhibit

wide variety of pulsed power applications. Fast electrical breakdown15.

foil current breakers have been used to sharpen The purpose of this work is to attempt to gain a

current pulses from capacitor banks 1"3 and from better understanding of the effects of the fuse

explosive magnetic flux compression generator- environment on fuse performance. In this paper
A-7transformer: systems '

. In addition, fuses have
we report the results of measurements of the time

been used as the high speed elements for multiple to burst and peak hold off voltage for aluminum
8-2.

stage switching in inductive energy storage " .  foils exploded in various gases and liquids.
Exploding conductors have also been used to launch

10-12. Experimental Detailshypervelocity projectiles
Flat aluminum foils 2.54 x 2.54 x 0.0023 cm were

Despite a wide variety of experimental work, there exploded by discharging a capacitor bank into an

remains much that is not understood about the inductance in series with the aluminum foil.

electrical explosion of conductors. Edge effects

which lead to breakdown, for example, are not well The capacitor bank is a low induttance bank with

understood. It seems reasonable that breakdown at ignitron switches. The nominal charging voltage

the edges of the foil is due to corona discharge is 20 kV, the capacitance is 98 uF, and the induc-

and explosions due tn irregularities which are tance is 80 nH. The maxim= bank current is

introduced when the foil is cut. There is some about 600 kA,
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The capacitor bank is coupled into a parallel C1 I bank capcitance

place transmission line by 15 coaxial cables. The Vo - initial bank voltage

total inductance of the system is 620 nH. S cross sectional area of the foil

Fuse current was asured with a low Inductance u - angular frequency of sinusoidal current

currant viewing resistor. Fuse voltage was y " mass density of foil

=easured with a resistive divider. 0 resistivity of foil

t - internal energy per unit mass
£Exer!=ental Results and Discussion To I iitial foil temperature
Figure I is a typical example of current and voltage TV -ol terature at vaporization

waveforms obtained in this work. Fig. I shown that The quantty a can be calculated from handbook

chere are a number of well defined stages in the tablen and has the value a - 2.2 x 1016 for alumi-
discharge of the capacitor bank through the foil. n

nun . This value of a corresponds to slow adiabatic
For approximately the first 6 microseconds of the heating at atmospheric pressure. The nuarisl

discharge, the fuse voltage changes very little. factor k1 takes into account the rapid heating

The foil resistance also changes very little and encountered in exploding foils. Xasionnier cc alI

he current Is not far from what is obtained In euterl
suggest

the case of :ero resistance. At t a 6 micro- I < k| < 3.

seconds, there is an abrupt change in the slope of

the voltage curve. At this time. a solid to Using the measured value of u and other known values

liquid phase transition is in progress. At c a 8 of physical parameters, Eq. (1) was solved nueri-

microseconds, there is.a very sharp change in the cally. The solid line shown in Fig. 2 was obtained

slope of the voltage curve. At this time, a with k1 - 2.2. The fit is seen to be quite good.

liquid to vapor phase transition is in progresas Time to burst as a function of capacitor bank

and fuse resistance is rapidly increasing. After voltage was also measured for foils exploded in

about 200 nanoseconds, however, the fuse resistance distilled water and in aluminum oxide powder.

begins to decrease very rapidly presumably due to Within the limits of experimental uncertainty, the

ioni:ation and breakdown of the metallic vapor, results (not given in this paper) are the same as
those obtained for foils exploded in air. We have

Figure 2 is a plot of the time to burst as a

!unction of capacitor bank voltage for foils also measured the time to burst for foils expled

exploded in air. Time to burst is defined ai the in various gases and liquids. The results are

tize to peak voltage measured from the point where given in Table 1. These results show that the
ti--e to burst is not sensitive to changes in the0

the current departs from its initial value of zero.

The solid line in Fig. 2 was plotted according to surrounding medium. Since the thermal conductivity

the theory of .isionnier ac al . According to this is muh greater for water than air, It seems
theory, the Joule heat power is equal to the race reasonable that more energy and hence more tine

of change of the internal energy of the foil. This would be required to obtain a given resistance

leads to the equation change of the foil in wacer than in air. According 0to Burtsev at al.16, changing the relative resistance

1'r U C 0 1 sin w t -ka. (l) of the foil by a factor of 20 requires 4.5 kg in
!S2  4water and 3.2 kJ/g in air. We have not observed

where T this effect possibly because the natural frequency

f of our system is smaller by about a factor of 2.
S * f_ ' de, Our results, however, do agree with chose of Salge

TO  ec al9

and
We now consider the maximum standoff electric field

=essuraments. These measurements vere =ade for
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foils exploded in various gases at pressures not investigated other factors which may be impor-

ranging from 0-200 psig and in various liquids cant such as tima to burst, foil dimensions, and

over tha density range 0.9 - 3.1 g/cm 3. This was rate of energy transfer.

done in order to east the assumption of two models: It is interesting that at the same density, the

the vapori:ation wave model17 and the heat transfer- peak electric field is greater for helium than for
15chemical reaction model * the other gases. This effect may be due to vapor

According to the vaporization wave hypothesis, a cloud cooling since helu has a relatively high

vaporization wave propagates inward from the con- thermal conductivity.

ductor surface. Ahead of the wave, the material Conclusions

remains in the conducting state while behind the In conclusion, this work indicates that time to

wave, the material is in a vaporized insulating burst is largely independent of the surrounding

stact. If the vapor cloud is free to expand, mean medium. We have also found no evidence that chemi-

free path effects should eventually lead to ioni- cal reactions affect fuse performance. We ha%.
zation an4 breakdown in the vapor. This has been found some indication that het transfer to the

observed 3 . Breakdown should be inhibited by surrounding medium may inhibit breakdown. Finally,

increasing the density of the surrounding medium. vo have found that the bold off voltage increases

Figure 3 is a plot of the maximum standoff electric with gas density in the pressure range 0-200 psi

field as a function of density for foils exploded but there is a weak dependence on gas species.
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Figure 1. Current and voltage waveforms for foil
exploded in 50 O 5o: ., at 200 psi%.
Upper trace: Tus; voltsie; 2kV per
division. Middle trace: Fuse curzent:
20kA per division. Lower Trace: one
microsecond time marks.
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11C1H rou"ER VE&Y' La:4 PUUE TZS1ZIG OF A 200 KV. TETAODE RIO XTION TUUE

Jrt 0. SAbley, ICA

Sob Cray, Icae Air DUveloPent Center

ASSTCT YTODUcCTIO0

4SC3 at very long pulse Len ths vet conducted A high voltage bema pover cecrode desigxnted as

to tvaluA:e ch design concepts of the 594000 the S94001 has bae developed 2 by the pover De-

rtguiasor tube At the Rome Afr evelopenc Center. vices group of RrA and vas tcted at h. High

Voltages as high as 2M0 V have been svitched for Power Laboratory of the Ioe Air Development

pulse l egchs of 0.5 seconds and At anode dissi- Center. This cube shown in Fig. I represents an

pAtion levels thAt exc#e ed 2.0 million iatts. advancement In the state of the art In ce me of

Tub4s sLlar to the one tested will be mployed voltage hold-off and anode dissipation at the long

As series regulators In the TOAW.K Fusion Test pulse lao4ths involved.

Reaccor. thl's paper discusses the cube, test re- Tubes similar to the one cteted viii be employed

sults, and optrailonal experiences associated vith As series regulator tubes providing pulse voltages

thoe tests, Ufor Neutral loan ion sources. The use of neutral

beaus has proven to be a very effective way of
raising plama teameratures in previous fusion

experiments and will be used extensively in the

MorA .AX fusion tst Reactor. This work was funded

by DOE and contracted through the Plasma Physics

Laboratory of Princeton Univeraity.

TUBlE RE'qUIRMENTS FOR TTR

Tube Type ....................... Tetrode
A D.C. Anode Voltage ............. 200 KV

Anode Current ................... 125 Anps

Anode Dissipaclon .............. 2.0 Megavatc:

Instantaneous Grid NIo. 1 Voltcg..Less than Zero

Screen Voltage .................. D.C.

?ulse Length .................... l Second

CENIERAL TME! DESMtIPT!ON

.he S94000E Is a liquid-cooled ceramic to metal

bean poer cecrode that utili:es choriated

tungsten filamencs in a circular ar.ay of unit

electron optical syscems. The cube contains

six. -six Indi idual electron guns each using a

directly heated ribbon filaztnc. -he control

grId and screen grid are coprised of small

tungsten vires that are embedded into vater-
Fig. 1 - .CA S94000E Tet.ode cooled copper blocks. The unique anode struc:ure



Is cent:al located and s C-pri3Ve4 of sixZ%- For the tosts on the RCA tube, che povr supplies

sx indmvodual1 Coo14 structures chat are set wore connected In a series parallel arrangectnt

a: An oblique anglt to the altictmn beta axis. chat y~elded 200 XV at 15 M-ps of continuous cur-

This angl is esfective in Sreat1v enhaitcing the rnt. .ADC enginttrs detTmined after consultation

bar=ded anode area. FIg. 2 shows a sl1itf Ld with the power supply designer And the solid-state

cros: section of cnt elc:o. Gun. diode anufacturets that the current rscing could

be nearly tripled (50 Axpo) i.' chi pulse length

C dId no: exceed 0.5 seconds. Cansequtn:ly, the

test conditions wert taIlared ;o the RAN e(quip-

SThe duy load resistor that bsorbs the aior

- portion of the paver during the 0.5 second pulse

Is located on the hi;h side of the poer supply.

It is comprised of four sections of gls tubin;

r*filled with a solution of sodium chloride and

water. The solution serves as a load resistor

Fi;. - flectron Gun - Anode Czoasection which can be changed by changing the water :o

solution rat.o. The dumy load and Ito watt: to
RADCTZS TFACILZ -- air heat exchanger are shon in Fig. =. The crow-

In order to evaluate :he 
tube under long pulse,

high voltage conditions, it was necessarv to ae

SMrraW41cs for che use of facilities other than

chset available a: the Lancascr, ?A location. A:

:his point In :le, the facility most capable of

Providing 25 F.egavacts of power at 2.00 Ky is ^

located at Criffiss Air Force Use in )too, XY.

A view of the facility is shown In Fig. 3. It t

is vey. cc:plecc and contains within one building -"-f

six 65 %' 9 Aup power supplies, a high power load

resistor, a couplae de-LneralIzed water systen,

crowbar protection devices and various pover sup- 46

plies, both D.C. and pulse that can be incorporated v .

for tube evaluation. A4

Fi;. . - Uacer Load and Triggered Spark Gap

bar device 3 Is a series of Air Caps that are

activated by applying a high pulse voltage to each

Cap, which in turn breaks down and shorts the Power

Supply under tube fault conditions. Detection of

S tube faults Is accomplished by using elght LDDS

* Unirrode diodes that are immersed in oil. The

diodes are back biased until the Anode Voltage

46 drops below a pre-sec reference value which repre-

sents a place arc in the tube. A similar arrange-

F!g. 3 - RADC Pover Supply and Test Facility ment is used to detect screen faults. The tube



Icself Is concalned, anode up, in a rec:angular ?PRO.-- ARMtS

lead shielded tank chat is flled with tcraMfomir Actual testing of the SP4000E at Rout was scheduled

oil to prevent Arcing across che output cer.mic, to be approximately a hree vek exercise, hoitver,

Te tank is raised froz %he floor to allot' access the three wioeks curnid nto A three month 4dveL-

O tche cub* Car connclcion of the leads chat carry turs. Ut had understolzated the problem of 0
the AO ,OWps of fiZa=enc current a'id for connec- overstressing :ht MDC e.uipment And using It

t'on of :he Auxiliary wate: hoses. ah anode water beyond its ratings. The problems associated

which flows at a race of 230 GMt reaches che tube with the equipment seemed co follow the falling

through approx cely 0 fket of three Inch ?VC domino affecc chat started wich an exploding IC
pLe. T h. cube in Its Iqad shielded enclosure Is volcaSe divider which caused a smell fire and a
shown In Fi;. 5. FIX. 6 shows a simplified sche- considerable amount of snake. A breaker then

nAtcW of %he test circuit that was used. failed to open resulting In the power supply

operating into a crowber Sdnerat4d short circuit

for an axtered peri:d of time. Shrapnel was A

constant source of concern as s1xteen high volt-

age capacitors either shorted or opened during

the course of the tests. Last, but not least

the most time consuming problem occurred when the
S46 cooling gacar for che dutay load leaked Into the

Insulating plenum chamber. The noise associated
with explosions that occur when 220 KV seeks a

I - c . path to ground is somevhat unimaginable and after
' "several occurrences it becomes frightening. 1:

was apparent that the nerves of the personnel
.. * / performing the tests ware wearing very :hIn when

-......- some among us were resorting to face masks and ear

4, plugs at the thought of applying high voltage.
However, in the midst of yet another "explosion"

we did inadvertently learn a very Lporcant chin;

7I;. $ - RCA S94000E in Lead Shielded 0i about the survivabIlity of the 9000E. It oc-
Container curred during a high voltage conditioning process

where the rectif er was being used with a 2C0 K om

resistor and the crowbar dismantled. During this

exercise, the high voltage diodes used :o detect
I Z , --. v--- " tube faults shorted which caused the series resix-

o-* soo v Itar to be shorted thereby applying the 200 KV

I, e v, rectifier to the tube ith only Its Internal
. 04TM Lpt .nce. The tube faulted And hung on the line

405 OA aso:n T until a small 16 wire used in :he set-up disinte-

v~qeaaesgraced. The tube had taken a serious jolt, the
Ir

-' T cvat-ion pressure exceeded fifty Milliamperes,
viw#" hover, ic did recover. Ic 'as processed to the

t-,, . - IVDt :200 W level in a matter of several hours and
logo A.* 4 0

LC. .LA-Em? UIP."- anazingly enough, the =ajorit/ of the costs per-

formed on the tube were made after :his episode.

71g. 6 - Simpli ied Schematic of Test Circuit 'e believe :his is a highly significant event and
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;Ivo an indication of !t'. ruggedness of the ties. We are all proud of the performance of the

S9OOOE undur very adverse conditions. 594000E which offers future extended capability

for longer pulse length at higher anode voltages.
LOCS PULSE TTSTBC The uce of gridded tubes as series regulator for
Testing a tube at very long pulse lengths, where T and fututa fusion renctors is an exciting

conventional volcineters can be used, is a much new application.

different experincte to which those associated vi-h

power pulse systems have been accustomed. At MADC

several other interesting things wire observed. b* P

For instance, during each pulse the overhead lights .t--te..4- m

dimmed slightly, the tube pressure as indicated by 0-,o-,,f.,N".%w

the vat-ion pump increased and then settled back t= ' :" .''

to a over level during the interpulse period. . ,

#ne gains an appreciation for what is required of ' , .

lit t- SJ t 1.1 .)1 W)II k

the equipment and the tube's anode vth regards to IN ,;., I," It! *- , e, .1

stresses chat occur due to temperature change. 111 01 W %it i*".I ;.I,
to) $4 1411 41C MU Vt isK .4

Temperatures that would norally occur under con- 10 A W.8 6 - .11 IM ,l .

tinuous "on" conditions are now occurring and then

changing to a totally "off" condition twelve times
.11 )4 13 IN * iI *",4 II*

a minute or whatever the repetition rate of the III U 41 -4 W .1t 414

pulse is.

Another interesting tube-cir,uit phenoaenon occur-

red during the tests at Rome. As the tube pres-

sure Increased during the pulse "on" time, It was . ............. rf

noticed that the instantaneous grid voltage wias c. l % 1*

developing a tail and going more toward zero at 014w Jeav..... so.

the end of the pulse. The problem was the result a kh4^... _4*I

aia $8. 1 101064m . .-- 3I i

of ion current being drawn through %ta control grid arm .* .,Y ......... IIW

to ground external impedance. This iffect ws &100bma.%4 ............ .ow

eliminated by lowering that Impedance. if one did

not have a vac-ion pump on the tube. daveloping Fig. 7 - Test Data Sumary and Maximum Ratings

the instantaneous grid voltage in a high resistant

circuit could be used to detect gas within the tube

under negative grid voltage operating conditions. REFERENCES
1D. Steiner, J. F. Clarke, "The TO-AMAK Model T

TEST SUMMARY A'D CONCLUSIONS Fusion Reactor", SCIENCE, Volume 199, 31 March 1978

The data a.cuaulated at RADC in conjunction with pp. 1395-1403

the =axim.n tube ratinas are shown in Fig. 7. It 
2J. Eshleman, J. Mark, "Recent Developuent in

shows that 200 K)V operation has been accomplished High Power Switch Tubes for High Power Radars and

at dissipation levels that varied up to 2150 Kilo- Fusion Research", FROCEEDINGS INTERNATIONAL PULSED

watts and at anode voltages that went as high as POWER CONFERENCE 1976, pp. 1C5-1, IC5-5

62 KV. A new high water mark has been obtained 
3Bobby R. Gray,*"High Energy Switch Device Study

with gridded tube in combining of pulse width, at RADC", CONFERENCE RECORD OF TWELFTH MODULATOR

voltage hold-off and anode dissipation capabili- SYMOSIUh 1976, pp. 51-57
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VERYX FAST, HIGH MKI I01 PLAM~R TRIODE A4?LIYF1US FOR DRIVING O?.TZCAL CATES*

M.X. Howland, S.J. Davis. V.L. Capn

Lavvence Livermore Laboratory
Livermore, California 92.550

ABSTRACT Fig. 1. The three tube types of most interest to

Rccent extensions of the peak power capabilities us as ?ockels call drivers are shown in Table 1.

of planar triodes have made possible the latter's Note that the 59f41 and the X2172 both have peak

use as very fast pulse amplifiers, to drive optical power capabilities approaching the 500 WI for

Sates within high-power Nd:glass laser chains, short (S-osc) pulses.

These pulse amplifiers switch voltages in the

10 VY range with rise times of a few nanoseconds,

into crystal optical gates that are essentially
capacitive loadu.

This paper describes a simplified procedure for

designing these pulse amplifiers. It further Anode

outlines the use of bridged-I constant resistance

necviorks to transform load capacitance into pure

resistance. independent of frequency.

Int-oductionChd

Xany optical Sates in the Shiva laser system at r
the Laurence Livermore Laboratory are Pockels 0lfhl

:oils. An approximate electrical model of the

Pockals cell is a capacitor, 
1 wh~ose capacitance kno

must be charged very quickly to optimize the rise conetio Crai
tim-e of the cell. The planar triode is a small, Hoe nuso

rugged, microwave vacuum triode 2 designed for

operation to 3 CH:. A cutaway drawing of a class Fig. 1: Electrode arrangement of a planar triode.

if these centlnater-wave planar tubes is shown in

________________ Pleu Volta Ma*. Cutv..t C 1AI,, C Mu

AWork performed under the auspices of the U.S. .V 36 IlE .1Id 8

Department of Energy by Lawrence Livermore m . f 01 f 6

Laboratory under contract no. W-7405-Eng-48. 0041 15kV 34A 14 .11pf 200

-Reoference to a company or product name does not x2172 25kV 34A 1I f 0.2 ptSO

imply approval or recommendation of a product
by the University of California or the U.S. Dept.
of Energy to the exclusion of others that may
be suicable. Table 1. Maximum ratings of some planar triodes.



Circuit Develo:ment

To minimi:e the ,tller effect of the grid to ..

cathode capacitance, the planar triode is generally

used in the grounded grid configuration. This - , -

requires chat the preceding scale be capable of _. ,

supplying the full platQ current as vell as any -, -- F..
current drawn by the grid. The comon cathode a 0 0 "

connection of the tube can provide current gain.

and a bridSed-T network employed in the grid L

circuit overcomes the bandwidth limitation of the

comon cathode configuration. This greatly reduces. -

the current drive requirement of the preceding C

stage. o o

Gin:ton ec a!.3 describe a negative mutual in- Fig. 2: (a) Constant resistance bridged-T networks
ductance circuit, tam~ed a bridged-T connection, (b) The mid-shunt inductance is obtained

from the mutual inductance of this

which is used on broad-band distributed amplifiers, coil
This circuit can mask the input capacitance of a (c) a - 1.27 yields an optimum gain band-

width network

tube or Pockels cell. Figure 2 shows the bridged- Triode Pulse Amplifier

T network and its various equivalents. Choosing The schematic of a pulse amplifier circuit to

the values from Fig. 2(c), we can show that the drive a 10-rm aperture Pockals cell is shown in

izage impedance is constant, resistive, and Fig. 3. The Eisac 8941 planar triode is configured

frequency independent. This eliminates the need as a common cathode amplifier, biased just beyond

for terminating half sections and permits us to cutoff. The end-to-end capacitance of the Pockels

terminate the line with a resistor. The cutoff cell is 15 pF. Choosing Zo as 130 n, and using the

frequency across the midshunt capacitance in terms design charts in the appendix, L - 0.25 UH and the

of Z 0 L, and C, is shown in the appendix (Fig. 6). cutoff frequency across the cell is % 145 %M:. A

+9 kV

5M n 3600F Z 130nl

3.0 pF 30 W
E8941 - I

Pulse
input 1500 pF - v 1301l

C = 15pF

* 777"
-100 V

Fig. 3: Planar triode amplifier
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similar network is designed for the grid circuit , . , , , ,

with Z0 equal to 50 f. .0

The load impedance for the planar triode is then =.

130 .1 resistive, and for a half-wave voltase at r to

the lockels cell of 3500 V, the peak current iS I

26.9 A. A load line for this case is showon 

i-he consan:c cu rent chraccriscics for he ube > .

in Fig. 4. It requires chat the grid be driven u

about 135 V positive, to achieve the necessary

place voltage swing and peak current. The voltage'

pulse =eAsured at the output of this aplLfier 2 t £ s 1o 12 14 15 15 o
into an attenuator as shown in Fit. 5. -Wmed

200 A Scale - Horizontal: 5 nsec/div

180 o Vertical: 1000 V/div

10 2Fig. 5: Output of the planar triode amplifier

140

120 fully. Ic it essential that tube lead inductances

> 80 be kept low, so that the resonance associaced with

60 - these electrodes will lie well above the operating

40 . band of the amplifier. Hany small capacitors

0 connected in parallel, and =ounted on a low-o 1

-20 inductance printed circuit board, serve as a by-

-40 -pass or coupling network. Low-value series re-
-60 Z

-80 sistors, connecting decoupling capacitors, are an

-100 - Plte current 0.1 effective way to isolate the bodes of the 3+ supply

-120 --- Grd current wiring from the amplifier circuitry.
-140
-1600 2.0 4.0 6.0 8.0 10 12 14 16 Discussion

Platevolta". kV Lec us sumarize our design of a planar triode

Fi;. 4: The constant current characteristic of a amplifier for broad-band performance and consider

planar triode. the various tradeoffs involved. Normxll., the

load is specified first and, if it can be modeled

From FI;. L, the grid will draw almost 5.5 A, -.hen as a capacitor it can be broad-banded in a bridged-

It is driven positive by 135 V. The driver for T configuration by using the design charts in the

the 3rid is an avalanche-t:ansiscor transmission appendix; this sets a cutoff frequency and an

line pulser that does noc work into this changing impedance level. The bridged-T network can be

load too well: to the inpuc rise time to the used up to 4 400 MI:. Above this figure, the

criode is itmiced to about 2.5 nsec. This also small value of the components make them difficult

means that when the tube grid draws current, the to fabricate. The voltage necessary at the load

bridged-T network is no longer balanced; so ac and the impedance of the load determine the tube

this time a reflection will be sent coward :he co be used. The cutoff frequency of the load sets

4river. the parameters of the broad-banded Srid circuit.

Careful coponent layout then assures opci=u=

M.e combination of high peak power and large band- amplii er performance.

width requires the circuit :o be laid out care-



Wa have used the techniques presented here to N,

design a pulse Amplifier for d~riving a io-mm
1o~ktls cell. The Amplifier performed as predicted. .4

* Its output characteristics are: 3600 V into 130A~

with 2.S-nsec rise time, 3-nsat fall time, and
pulse width of 8-9 nsec. 'Ali jitter Is less than

_ _ I -

100 psec.

* Apoendin

Of the various lumpod-constant lines for the anade

and $rid circuits studied by Ginzten. at &1. 3 , ctIQ

bridged-T network provides the highest-gain band- 11010
rnq.wp M bV a

width product. For a given gain, the bridged-T

licea provides about twice the bandwidth of the Fig. 6: Design chart for bridged-oT network of

0 o~stant-K line. Fig. 3.

a.a obtain the midshunt inductance from the mutuale

coupling between the two halves of the coil, as

shown in Fig. 2(b). If vs choose a to be 1.27,

* the inductance to the midpoint of the coil must.

be 40.3: o! the total coil inductance._______

By using the equation
2 2r n

*0.01 0. 1.0 10
where n ii; the number of turns, and I. and r are Wse"A

the length and radius of the coil, respectively,

the correct coupling results when the length of the Fig. 7: Design chart of inductance for bridged-T

coil is 1.35 times the coil's diameter. network of Fig. 3.

0The output voltage, taken across capacitor C in -eeent

Fig.2(c. hs acutof fequncy1. L.L. Steinmetz, 'T.W. Pouliot. and B.C. Johnson,
Fig.2(c, hs acutof fequncyApplied Optics 12, 1468 (1973).

F1 R- 2. Electronics Entineers Handbook,, D.C. Pink, ad.
(McGraw-Hill, 1975), pp. 9-23 to 9-28.

And the characteristic impedance
*3. E.L. Ginzton, V.R. Hewlett, J.H. Jasbarg, and

z ~ J.D. Not, "Distributed Amplification", in
0 CProc. IRE, 956, (August 1948).

Figure 6 is a design chart for the bridged-T con-
stant resistance network of Fig. 2(c). with the 4. WJ.L. Gagnon end B.H. Smith. "Simplified Design

Techniques for Distributed Power Amplifiers",
values of L and C plotted as functions of Z 0and Nacl. 'Particle Accelerator Conf. (Feb. 1969).

F Fiue7is a design chart for the inuco Also published as UCRL 18491, Lawrence
F1 . igue 7 ndutorLivermore Laboratory, Livermore, California.

*in this network. iMII""W"pernd as 1 mnl0o Wkae
N0119M 1h, Ahei S18101 at the Upit.d Siegel
[wuay Rtwudk A Oevm@m1a Adesaires"..
.c .Y) of tkil *ISpleyM. Not &i, o ater

(omalon. '044961184091. of theilrnpo.o
ak, aaY - ral. 121in W implid. W

"Mose ny UA 461 U&Md~t or reeqoMaabL for tk*
ACe101ty. (oatlid O of wheoua of is,
Wafoentto.,. bapposud. weoduts of peotyN
dwoo... or tip sests hat its us. ..ogd acit

.afrt4, frl,114m id es."
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10.5

VACUU.4 AXC ZSZTCHI X!O l(V R TZS

AT 2.5 WA40

RIMC"R ,4. hILLER and A. S. CI'IOUR, JR.

Iepartment of Electrical Engineering

Laboratory for ?over and EnvLronmntal Studies

Statt University of 4oe York at Buffalo

ABSTRACT A =Ache:taccal analysLs of the unloaded iqvtEiar CIRCUIT A.ALYSIS The operation of the in-

vacuum src switch (VAS) Inverter is undertaken; a verter circuit shown i% Figure I has been descrLbed

key ale-enr in this analysis is the assumption of a (6). In earlier work (1) the voltage drop across

constant volcat; drop of 50 volts across each VAS the VAS wes measured and found to be nearly constant

uhile it is c- ccing. From this analysis A con- over a vwide range of conductLng currents. This

scanc VM-volcaA -odel Is developed zo explain the charActeristlc suggests a constant VAS modal for the

VAS Inverter operation. A cosparison of data ob- VAS. Taking this characteristic into account, the

taLned from laboratory tests w. the Invercer is capacitor volcages during the conduction of VASI can

made wich data obtained irog this %..del, and agree- be shown to be (A)

ent is found to ba uithin IO for up to 15 alter- ( C 23 -V
nations. 1 1 C3  2  (I

ITRODUCTIONq High-frequency, hlgh-poer Invercer 0t (-a sia(N ). ,(co(il)1
crcuits e:ployLng vacuum arc sitches (VAS's) s + )

*he suitching eeents have been under developent I.

at the State UnL:ersicy of .ev York ac Buffalo + V. ()

(S..YAB) for so=4 time (1 - 7). The circuit used
In his development is the strits Invertr shon C rVAS .V C (aT)]I-n Fi;ure t. Several tests have been conducted on 2

te Inverter (3); using the results of these tests,

4 nodaL of the Invercer was developed as Is describ- a (.o0si(w 1c)-W COON it))

4d in the folloving paragraphs. Cl.

+ * VA 2

'TUR 1.Sre auu r uthe netr

1.___ Se ie Va u mA cS i c e n~ re .- 0 , , n(uWc) -a co(u~c)j

*Thi.s work was sponsored by the Air Force Aero- + 1

propulsion Laboratory, Wrighc-Patcerson AB,

;hio. + C .7-. (S)
3
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wcr r as the bright positive and negative peaks. This

here "2 oscillograph suggests an approach to comparing

data from the model with data from the test. The

u- -o 2 waveform in this oscillosraph has a definite envel-
1 ope; this envelope provides a good picture of the

and C1 C3 operation of the entire circuit, since, as the model
C2 4 C equations show, an interdeptndence exists between

all of the parameters of the circuit. Therefore, if
all of for which the equations are obtained for the capacitor voltae

i t ' (2envelopes, this form of che model will provide a

a - Z W basis for comparing the model with the data from the

The equations for the capacitor voltages have a sim- laboratory. The equations thus obtained are (4),

liar form for the conduction of VASZ (4). Hov, the -for the positive peaks,

initial-final conditions between alternations take r- - C r nw:the following type of form: Vc .VC(C Cnlu C3 'VAS1
C1 1  J C1[u1  np--w) c )

* ,v [,,,, "V !!i cL 1

and 4 V+V[l+ex( - (5)

vc i'n .l~ -Vd 4e 1, and v~3 F+l. ] ?2il [vVA "vC2 ]l

here o 2k+l, 01 1 (X ).e ) + V l (

and k is the inverter output cycle numbe~r, n- 0, 2, 4, 6, ..

k - 0, 1, 2, 3, .*. For the negative peaks the equations become

Equations (1) -(3), together with the initial-final C2 [vs-c

condition, comprise the ConstantVv/S Modal. A vc (t) - ){

1

comparison will now be made betw een data obtained
from this model and data obtained in the laboratory. + ¢t.~i~ 2 .2o(2)

APPLYI.NG THE MODEL Figure 2 shows an oscillograph 2

of vC (t) obtained while the invercer wae operating. + VC ( (7)
In this particular test, the VAS's were pulsed alt- 1

f.. .-v -I n

* .-nacely at a 1.04 IcR: rate. The 1.-C combination Vc2(c) "-1 2 " r - !)1 (1

of the circuit was resonant at 9303 H:, so the trans- 2 l b 1 AS 2  3  -wj
ition tine between the two polarities 'indicated one-2[o in 2).2o(2)
the oscillograph was about 54 use. This left a de- +I

lay of 0.9 12cc before the next VnS was fired.
this 0.9 msc delay appears in the oscillograph + VC2.2), (8)

APLIGTE*EFgr hw noclorp C 2

ofv()otie hl h nere a prtn.+V () 7
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And TABLE 1. Data for Corparison of

Inverter Tests with the 4odel.

-1tV c (nw/w) C (nv/w) Aternatic

2 -sin( )-W coe(2C f1% teits from V43 "V .4. (a)

W 2 2+ VV(2() (0)

where R C r
a2  1 L -1.00 -1.00 0

1.25 1.26
- -LC 2, -1.05 -1.14

2 1.35 1.35 3
and

- c1c2  -1.15 -1.-3 4

c22 3 c +c 1.40 1.39 5

-1.20 -1.26 6
all of (or which 1.40 1.37 7 0

ME t <- , 3, 5, ..- 1.20 -1.24 8
2 " 2 1.30 1.29 9

-1.10 -1.17 10

1.20 1.18 11

-1.00 -1.05 12

1.10 1.02 13

-0.90 -0.90 14

0.95 0.83 15

-0.75 -0.71 16

TABLE 2. Values of inverter Components.

FIGURE 2. Oscillograph of (c) during Operation Couonac Vale 0
of the Invar:or.

C 960U

1

Equations (4) - (9) were used to calculate the suc- C 4.S9uF

ceeding Inicial-final conditions on the capacitors, 
2

.6uning the same pre-charged voltages used in the C3  A.89UF

laboratory costs (4), and 50 volts for VVAS . Table

I shows daca extracted from Figure 2 compared with L 30uH

daca obtained fron the Conscanc-VVAS .odel. As can R CKT 23.2an

be seen, the envelope decernined by the model matches

quite closely the envelope obtained from the tests.

Note :hac the envelope values determined by the The conponent values used in Equations (4) - t9) in

zodel are within cte esti-aced 10% accuracy of the calculating the data points listed for the model in

cost daca out co the 15 alternation. Table I had been obtained in earlier tests (3). and
are listed in Table 2.

0F
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3GO-kJ, 200-kA ARAX MOOULE FOR AJTMES*

K. S. Riepe, J. Bickford, J. Jansen, and W. Turner

University of California, Los Alams Scientific Laboratory
Los Alamos, W 87545

Abs tract ductance. These circuit paramters are achieved

Antares is a 100-kJ C02 laser driver for using 60 kY stages with three parallel 2.8-PF

Inertial confinement fusion experiments. The capacitors at each stage and a double-folded

pcwer amplification stage is pumped by an elec- geoetry2 to give the required inductance. The

tron-beaim-controiled gas discharge. There are double-folded geomtry also results In good In-

24 annular discharge regions, each requiring en- terstage capacitive coupling, which Aids in

ergy input of 250 k at 550 kV, in a 2-psec Achieving low Jitter. in addition, the midplane

pulse. trigger electrodes Are coupled three stages down
he energy storage module chosen for this the Marx. The first three gaps are triggered cx-

system is a single-mash pulse-forming network. ternally. Charging is in the +/- mode, so the

To provide sufficient energy mrgin each mdule spark gaps run at 120 kV. The spark gaps are op-

stores 300 ki. *rated at a safety factor X • 2 (self-breakdown

A prototype 300-kJ Marx has been built and voltage - 240 kY) to give a low prefire rate.
tested at the Los Alamos Scientific Laboratory.

This has been used as a test bed for components, Spark Gaps

triggering, and instrureration. The Marx switches are high-pressure gas-

filled spark gaps. These switches must handle

the normal discharge conditions of 200 ,iA and

Introduction 1 coulomb, and occasional fault conditions of

The Antares laser requires 24 Marx 400 kA and 5 C, while operating with very low

generators, each storing 300 ki and capable of jitter and low prefire rate. The individual

aelivering more than 200 kA at 550 kV to a gas switch Jitter requirement is difficult to spec-
discharge load. Since reliability of this ify, because operation in a Marx generator In-

lystem is critical to the facility, A test and volves many complicated transients. The switch

development program was implemented for critical prefire rate should be approxirately 10-5 for

co.ponents &nd a prototype Marx was built and a system prefire probability of 10"2 to 10"3,

tested. The main parameters of interest, in requiring that the gaps be operated with a high
adoition to operational reliability, were Jitter safety factor.

and prefire rate. Since low Marx inductance is Important the

length of the spark gap should be as small as

Marx Cesion possible to keep the capacitor stacks close

he discharge circuit is a single-mesh together.

pulse-forming network, with 1.2-NV open-cir-

cuit voltage, 0.42-upF capacitance, and <3-H in- Soark-Gao Oesign

The coc:pleted spark-gap design. which evolved
•'ork performed under the auspices of the U.S. after many modifications, is shown in Fig. 1.

Cepartzent of Energy this switch has been tested for 2000 shots under

_ 0



fault conditions with no measurable deterioration 750 shots. Copper-filled tungsten more than ex-

in performance. The parts are fabricated from :teded the design criteria, lasting for 2000

materials as listed below: shots with negligible erosion.

End plites (2) aluminum 6061-T6 plate or bar stock
Electrode standoffs (2) aluminum bronze No. 618 bar stock

Electrode (disk) holder (1) aluminum bronze No. 618 plate stock

Snap ring, tapered (1) carbo steel

Electrode hold-down bolt (2) threaded steel rod

Insulating housing (2) cast nylon tubular bar

Compression thru-rods (6) 3/4-10 Pernali "Superstud"

Compression thru-rod nuts (12) 3/4-10 PermAli i glass

Hemispherical electrodes (2) Plansee K2S copper-filled tungsten

Trigger disk electrode (1) Plansee K25 copper-filled tungsten

The overall length of the assembled s witch The final prototype survived 2000 consecutive
is 25 cm, including the glass comosition nuts operations under conditions which simulate a Marx

used on the polyurethane/glass through-rods; the fault. A schematic diagram of the test fixture
diameter of the switch is 25 cm. The main elec- and associated test parameters is shown in Fig. 2.

trodes are hemispheres S cm in diameter with a A 120-kV, 27-kJ capacitor bank was switched irto
gap spacing of 2.79 cm. The trigger disk elec- a low impedance circuit resulting in an oscilla-

trode is 0.64-cm thick, 10.2-cm diau, with a tory ring-down through the spark gap. This test

2.5-cs-diam center hole. The edge of the trigger generated a peak current of 450 kA, g coulombs

disk center hole is machined with a full radius. per shot at 120 k, a ringing frequen v of

To keep weight and cost down, the end plates 180 kHz, with a repetition rate of one shot per

were made of aluminum. The trigger disk holder minute. The gap was operated with a safety fac-

and main electrode standoffs were made from alu- tor of M a 2, requiring a pressure of 50 psig of

minum bronze, which is easily machineable and dry air. It was purged with dry breathing air

chemically more stable than aluminum or brass. immediately after etch shot. Purge duration was

The insulating housing was made from blue nylon 10 seconds at 3.3 cfm.

because it had the best combination of mechanical After 2000 shots, the spark gap was removed

properties, cost, and availability, from the test fixture a;d examined. The 5-cm

Because of the high current and charge trans- diameter K25 electrode hemispheres showed insig-

fer requirements, a high quality electrode mate- nificant wear. Black and brown surface discolor-

rial is required. It Is known that the erosion ation and roughness were present indicating for-

of brass would be excessive at this duty. Several mations of oxides.3'4  Cleaning the oxides from

other electrode materials were considered. Their the surfaces revealed small azounts of surface

properties are shown In Table I. pitting but no grain boundary erosion or cracks.

When used in the short-circuit test (de- The K25 trigger disk, 0.64-cm thick by 10.2-cm

scribed below), molybdenum electrodes fractured diam with a 2.5-cm-diam center hole exhibited

in a few shots. We attribute the problem to mod- some erosion. The hole had not enlarged. Pref-

erate electrical (and thermal) conductivity com- erential erosion was evident on a section of the

bined with poor room temperature !:yact strength. surface oriented toward the negatively charged

Zirconium copper survived, but eroded sig- half of the capacitor bank. This erosion was in

nificant!y in several hundred shots. Tungsten- the form of localized pitting approximately

rilled copper eroded unacceptably after approx. 0.1-mn to 0.3-mn deep over an area of approxi-
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TABLE I
METALS INVESTIGATED

Pro erty
Electrical H1g Tt." ' Room NeWtr ture •

'etal Conductivity Strength Impact Strength

,tolybdenum Fair Excellent Very Poor

Zirconium Copper Excellent Poor Good

Tungsten-filled Good Poor Poor
copper matrix

Copper-filled Good Excellent Poor
tungsten matrix

mately I cin near the hole edge. The sae oxide Resistors

discoloration and roughness were present as on Most Marx generators have used liquid rtsls-

the hemispheres. tors for stage charging isolation and trigger •

The interior surfaces of the nylon insulator coupling. We felt that liquid resistors would

were discolored, glazed and rough, but no cracks, not provide the reliability required in this

burns, or electrical tracking were In evidence, large system. Some type of solid resistor was

It appeared is though heat had glazed the nylon, preferred. We tested two types, wire-wound and

short wavelength radiation had discolored It, and Carborundum type AS. The test consisted of dis-

hot, nonconducting metal oxides had splattered charging a 170-F capacitor at voltages up to

and coated the surfaces. Blue-colored powder 11 kY (10 k) into the resistor. The resistors

(probably zinc oxide) had settled by gravity on were first soaked in transformer oil. The wire-

the lower halves of each Insulator. At the con- wound resistors were 0ale 225 W, 10 ohm. They

clusion of the 2GOO-shot test, the dielectric failed at 1/2 kJ, by melting of the coating. The

strength of the nylon surface was still suffi- Carborundum resistors were type 889 AS (12 in.

cient to hold off 120 kY for three minutes at a long, I in. diam). They failed at 3 kJ by chip-

gas pressure of 30 psig (M - 1.2). This test was ping of the material. These are rated by the

repeated three times with several full-power manufacturer at 35 k when operated in air. We

shots between the three-minute holding periods, then tested some resistors which were coated

The switch was tested for jitter at different with epoxy by the marufacturer to keep oil out 0
operating voltages and pressures with a 0.2S-ohm of the resistor body. These were run up to

CUS04 resistor installed to simulate actual oper- 10 kW, the limit of our test facility, without

ating conditions. A 500-ohm, CuSO4 resistor was failure. This provided an adequate safety mar-

inserted In series with the trigger electrode to gin for use in the Marx generator.

s:rulate circuit values in the Marx generator.

the test irrangement Is shown in Figs. 3 and 4, Marx Testing

and the test results are shown In Figs. 5-11. A prototype Marx was built and tested to de-

The trigger voltage a.plitude and waveform (Fig. termine operating reliability, jitter, and pre-

5) was held constant for all jitter measurements. fire rate. Because the resistor development pro-

The time spread is on the order of 10 ns. The gram was still in progress when the Marx was

effect of trigger amplitude on jitter is shown built, liquid resistors were used initially.

in Figs. 11 and 12. A Fewlett-Packard 5370-A Jitter wts measured using an HP-5370A tir e

Time interval Counter corroborated the oscillo- counter. The start signal was taken from the

scope data. first stage of trigger amplification, a PATCO

PT-70. The remainder of the trigger system con-
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ststs of a PATCO TG-55 (Krytrcn switched spiral 4. J, E. Gruber and R. Suess, "Investigation of
line) and a three-stage trigger Marx with 120-kV the Erosion Phenomenon in High Current, High
output, driving three 50-ohm cables, 30 ft long. Pressurt Gas Discharges," Institute for

* The stop signal for the counter ccoes from a Plasmaphysik, Garching bel M*znchtn, 1?? 4/72
shielded single-turn 9probe placed In the Marx (December 1969).
tank. Because of severe noise problems, this was
coupled through an analog fiber-optic system.

The system rms Jitter with liquid charging
and trigger resistors was 12 ns. With solid
charging resistors and liquid coupling resistors,
the Jitter was 14 ns, and with all solid resis-
tors. jitter was 15.5 ns. All jitter measure-/w
ments are after 500 to 800 shots at full energy.- .

A set of shots was 20 to 30. The liquid resis-
* tars were mounted directly to the capacitor bus-

bars. w~hen the change was sade to solid charg-
Ing resistors, all the resistors were mounted on
a board outside the Marx with wires going to the
bus-bars. The increased inductance of this path Fig. 1. The tested spark-gap design.

* wmay account for the increased Jitter of the Marx.
The prefire rate has been on the order of

0.01. This seems excessive, considering that the
spark gaps are run with a safety factor H w 2,
and that the electrodes feel very swooth after TO

running at full energy. Self-breakdoton voltage
vs pressure curves were run on new and used (S00-
shot) gaps. These showed only a few percent dif-IWO
ference. Experimetits, are continuing using in- TA A

creased air flow through the gaps and 50-ujn mesh
filters on the air line to each gap.
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A LARGE-AREA COLD-CATHODE GRID-CONTROLLED ELECTRON GUC FOR ?STARES*

W. R. Scarlett, K. R. Andrews, H. Jansen

University of California, Los Alamos Scientific Laboratory
Los Alamos, Nh 87545

Abstract The electron-gun design is governed by sev-

The CO2 laser amplifiers used in the Antares eral constraints. First, the electrons must have

inertial confinement fusion project require sufficient energy to penetrate the electron-gun

large-area radial beams of high-energy electrons window and the gas volume of laser gas between

to ionize the laser medium before the main dis- the windows and the power amplifier anode. For

charge pulse is applied. We have designed a the range of operating pressures being considered

grid-:ontrolled, cold-cathode electron gun with for Antares, electrons having energy between 4G

a cylindrical anode having a window area of and 550 key are required.

9.3m 2. A full diameter, 1/4 length prototype of The second requirement is that the electron

the Antares gun has been built and tested. The gun deliver a beam having uniform current density
design details rf the Antares electron gun will between 50 and 100 mA/cm2 and lasting for 5 ps.

be presented as well as test results from the This current density produces the required imped-

prototype. Techniques used for the prevention ance in the gas for the rain discharge.

and control of emission and breakdown from the A third constraint is that the spacing be-

grid will also be discussed. tween anode and cathode must be sufficient to

prevent vacuum breakdown.

Antares Electron-Gun Design
Introduction The solution to these constraints chosen for

The Antares laser fusion system at the Los Antares is a cold-cathode, grid-controlled elec-

Alamos Scientific Laboratory (LASL) is designed tron gun having a cylindrical geometry as shown

to deliver up to 100 k of energy to a target in in Fig.1. The cathode consists of 48 blades of

a 1-ns pulse. A low energy, short pulse of C02  12.7-um-thick tantalum foil, each 0.76-m long,

laser light is split into six beams, each of arranged in 12 rows of 4 blades, 1 blade opposite
which is then amplified in a laser power the center of each window. An alternate design

amplifier, being considered is a spark cathode designed by

The annular pumped volume of each power am- G. Loda of Systems, Science ano wottware (S

plifier is ionized by a radial beam of high- of Hayward, California.

energy electrons produced in a central electro, The grid, consisting of an 80% transmitting
gun. Details of other aspects of the power am- stainless steel mesh, is self-biased by current

plifier and the Antares project are given else- flowing from the grid through a resistor to
where in these proceedings. ground. The space charged limited current, IK,

for this geometry is given by:1

1K = 14.68 x 106 [VK - (1 - T)IKRg] 31/2 rg-' -2 3 I)



where have been reported by Leland.2 After those tests

V K Is the cathode voltage were completed, it was decided to make a series

T is the grid transparency of measurements to more fully characterize the

R is the grid resistance electron gun,

I is the length of the cathode One problem which was addressed is the con-

r is the radius of the grid trol of vacuum breakdown. In the measurements
reported by Leland2 the cathode was shorted by i

and 2 is a function of rglrc, with rc the crowbar gap after 3 us. Even under these condi-

cathode radius. tions, occasional cases of runaway cathode cur-

rent were observed. During the period of these •
There are 48 windows in each electron gun, measurements, the silicon-based diffusion pump

each 0.76 m x 0.25 m in size. Each window con- oil (Dow Corning 704) was deliberately allowed

sists rl a hitachi support structure covered by to backstream into the electron gun in order to

a window of 0.050-m-thick titanium foil glued suppress secondary emission from the grid. In

to a 0.g-m-thick stainless steel rip-stop grid. this case the operation of the electron Sun was 0
The grid prevents damage to the Interior of the in general agreement with the predictions of the

electron gun in case of window failure by limit- space charge equation.

ing the size of tne rupture and thus the rate of One of the goals of the present investigation

rise of the internal pressure. was to eliminate the crowbar gap, thus simplify-

There are several advantages of the grid- Ing the electron-gun pulser and improving its re-

controlled electron gun over the simpler diode liability. The electron gun must thus be capable

geometry. First, the gun current can be con- of holding off the high voltale for a longer

trolled independently of the gun voltage and period of time without breakdown.

cathode-anode spacing. A diode electron gun At the beginning of the present set of meas-

-.eteting the Antares requirements would either be urements the diffusion pump was drained, cleaned

uneconomically large or would produce consider- and refilled with a carbon-based pump oil (Con-

ably more current than desired for ionizing the voil 20). Once again, the pump oil was allowed

gas. Higher currents lead to shortened cathode to backstream Into the electron gun. Two results

and window lifetimes. The lower current of the were observed after this change. First, both the

grid-controlled gun also reduces the size of the frequency and severity of breakdown increased.

high-voltage pulser required and reduces magnetic Upon later disassembly of the gun, several burn

effects on the electron beam. spots were seen on the cathode, grid, and anode.

A second advantage is the current stabiliza- The second result was observation of anomalous

tion produced by the self-biased grid. This sta- grid current measurements, though the cathode

bilizing effect certainly occurs for an ideal current agreed with that predicted by Eq. (I).

grid which does not show secondary emission. But We next disassembled the gun, carefully

it is also true that as long as the number of cleaned each part with solvent, and reassembled

secondary electrons emitted from the grid surface it, taking care to maintain cleanliness. The

for each primary incident is less than 1.0 the vacuum system was operated with a liquid .42 c6ld

grid acts to stabilize the gun. trap and a larger backing pump to prevent oil

backstreaming. Other changes included the addi-

Prototype Results tion of corona rings to the cat~iode assembly to

In order to evaluate many aspects of the An- shield areas of unwanted field enhancement.

tares design, a prototype power amplifier was the most significant improvemnt made by this

constructed. :esign details and initial measure- investigation has been the development of a grid

ments whch confirmed the Antares design concept conditioning technique consisting of first shorting
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the grid to the cathode and then pulsing the grid In order to achieve uniform pumping in the

using the electron-gun pulser. The series begins laser gas the Intensity of the electron beam

at low voltage (<-30OkV) and increases in 50-kV should be independent of position on the window.

steps until oscilliscope traces show an increase Using rectangular Faraday cups of size 3.8 cm x

of grid emission. The voltage is then reduced 25.4 cm we have measured the current density at

until the excess emission ceases and the gun is several points on the window and found that at

operated for S to 10 shots. The gun voltage is the edge it decreases to not less than 80 of tne

then increased 15-20 kY and the gun is operated center value.

until tnere Is no excess emission for 5 to 10

shots. This process is repeated until a voltage Discussion

is reached at which less than half of the shots Several results have come from the prototype

show no increase of emission. In the prototype s:udy which will be applied to the Antares elec-

power amolifier this voltage is usually between tron gun. Since the probability of excess emis-

-500 and -600 kV, which is abcve the working sion and breakdown depends on the emitter area,

voltage of the grid. The short is then removed these problems can be expected to be worse in

and the gun is ready for operation. Antares. Thus, the grid conditioning technique

The result of the cleaning, improved vacuum, and our improved understanding of the role of the

and grid conditioning is a greatly reduced prob- grid in controlling breakdown is significant.

ability of breakdown. We occasionally see an in- Other prototype results give us confidence that

crease in cathode current, but it almost always the requirements for the Antares electron gun can

returns to normal after a few microseconds indi- be met by the present design.

cating that the grid is retaining control. Those

pulses showing enhanced grid emission, usually do References

so only after approx. 4 jis and thus, since the 1. I. Langmuir and K. Blodgett, "Currents Lim-

laser energy extraction occurs before this time, ited by Space Charge Between Coaxial Cylin-

have no effect on the operatien of the power ders," Phys. Rev., Vol. 22, pp. 347-356,

amplifier. 1923.

A second result is an increase of cathode 2. W. T. Leland, et al, "Antares Prototype Power

current over that predicted by Eq. (1). This ef- Amplifier -- Final Report," Los Alamos

fect can be, at least partially, explained by an Scientific Laboratory Report LA-7186, 1978.

* observed increase in grid emission. This effect

was not seen by Leland2 and is possibly a result

of the loss of inhibiting properties provided by *Work performed under the auspices of the U.S.

the silicon pump oil which was used for his Department of Energy

measurements. wIDOW

* Figure 2 shows the measured and calculated GRID

gun impedance as a function of time during one
shot. Two calculated impedances are shown, one

assuming the grid transparency is the geometricwl "

value of SO and the other using the measured

transparency, T I - Igrld/K . At present, we

do not have a satisfactory explanation for the

discrepancy; however, it does not have any ad-

verse effect on the operation of the electron /

gun. Fig. 1. Antares power amplifier schematic show-
ing electron-gun part.



Fig. 2. kMeasured and calculated Impedance and
mieasured cathode voltage of the proto-
type electron gun with 8G0-ohin grid
resistor as a function of tim for a
single shot.0
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11.3

'ME ANTARES LASER POWER APLIFIER*

R. 0. Stine, G. F. Ross, C. Silvernail

University of California, Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Abstract fiers operating in parallel are required to pro-

The overall design of the Antares laser power duce the 100-kJ output for the fusion targets.

amplifier is discussed. The power amplifier is This paper discusses features of the power

the last stage of amplification in the lO0-kJ amplifier optical, mechanical, and electrical

Antares laser. In the power amplifier a single, design, and their problem areas and solutions.

cylindrical, grid-controlled cold-cathode, elec-

tron gun is surrounded by 12 large-aperture CO2  Optical Oesion1

electron-beam sustained laser discharge sectors. A 15-cm-diameter annular input beam with an

Each power amplifier will deliver 18 kJ and the energy of less than 100 J is delivered to each

six modules used in Antares will produce the re- power amplifier from the driver amplifier in the

quired 100 kJ for delivery to the target. A front end. It passes into the vacuum section

large-scale interaction between optical, mechan- through a 22-cm-diameter salt window. This input

ical, and electrical disciplines is required to beam is divided by a central polyhedron beam

meet the design objectives. Significant compu- splitter into 12 segments which are directed

nent advances required by the power amplifier radially outward. Each of the 12 beams is re-

design are discussed. flected to a three-mirror corner cube which is

used to adjust individual path lengths to obtain

Introduction pulse synchronization. From the corner cube the

The Antares laser is under construction at light passes to a focus mirror th.s through a

the Los Alamos Scientific Laboratory (LASL). spatial filter. The beam enters .the pressure

This is a large (100-kJ) CO2 laser for the iner- vessel section through a 12.7-cm-diameter salt

tial confinement fusion program. The power am- window, then through a group of four relay mir-

plifier (Figs. 1 and 2) is the last stage of rors to the first amplifying section. The ap-

amplification in the optical chain. A cylindri- proximately 2.5-cm trapezoidal beam makes a first

cal cold-cathode, grid-controlled electron gun is diverging pass through the four pumped regions

utilized to ionize the laser gas in the annulus to the back-reflector mirror where it is re-

surrounding the gun. Each power amplifier oper- flected for a second, near-collimated, pass

ates at 1800 torr of 1:4::N 2 :C0 2 laser gas and through the amplifying sections. At the output

requires approximately 1 MJ of stored electrical of the pressure vessel the beam is transmitted

energy at an operating voltage of 550 kV. An through a 45-cm-diameter salt window to the two

input light energy of less than 100 J is ampli- mirror periscope sections. Because of the radial

flied in two passes through the power amplifier geometry of the power amplifier, each amplifying

to an output energy of 18 kJ. Six power ampli- sector, and therefore each beam, is a segment of

an annulus. The periscope compresses the radius

*Work performed under the auspices of the U.S. of the annular 12-sector beam array exiting the

Department of Energy power amplifier to reduce the dimensions required

downstream in the turning and target chambers.
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The power arplifier design is primarily dic- sure vessel must oerate at 3 atospheres with a

tated by optical requirements.2  he damage 1.6S-m opening at one end for the electron gun

threshold for the transmitting windcws limits the and 12 openings, each 45 cm in diameter at the

flux to about 2 J/cm2 average energy density other tnd for the salt windows. Finite element

for the nanosecond pulses. his average density analysis was utilized in the design of these com-

provides an allowance for hot spots due to dif- plex elements to ensure adequate safety factors.

fraction and non-uniform gain. The window damage The material is ASTH 516 Grade 70 pressure vessel

limitation combined with state-of-the-art limits carbon steel and was chosen because of good per-

on window size means that the laser must exit formance. dimensional stability, and low cost.

through multiple output windows. For Antares The electron-gun vacuum vessel is also made

this results in 12 windows per power aalifier, from ASTh4 516 steel. This unit (Fig. 2) is

or 72 total output windows in the system. 1.65 m In diameter and 7.7 m long. The vessel

An Intensive development program at IHarshaw wall is penetrated oy 48 openings for the elec-

Chemical Cccpany, funded by LASL, has produced tron beams. Each electron window opening is

optical grade salt windows up to 45-cm diameter. 3  75 cm by 25 cm with 0.8-cm wide hibachi ribs
The windows are 8.9-cm thick to withstand the spaced on 6.3-cx centers down the length for win-

3-atmosphere pressure differential. Each 4indow dow and shell support. The vacuum vessel is con-

is mounted between two Viton O-rings to provide structed from four finish machined cylinders each

a positive seal for both the 3-atmospheres ?res- 1.65 m in diameter, 1.9 m long, with a 5-cm-thick

sure operating condition and the 0.1-torr vacuum wall. These cylinders are Joined together using

when t.h laser gas is exchanged. pulse-arc welding to give very low weld distor-

Another development program, at the Y-12 tion, thus requiring no further machining after

Plant :f the Union Carbide Corp. in Oak Ridge, the welding.

Tennessee, has produced the large mirrors used The hibachi window openings are covered with

in the power amplifier (Fig. 3). Over ZOO of 2-mil-thick titanium foil ihich allows the elec-

these large mirrors are used in the power amli- tron-beam to pass through and also provides the
fiers. These mirrors utilize an aluminum sub- vacuum seal. The foil is attached to a punched-

staite plated with a 1-am-thick copper coating. metal backing grid to form a rip-stop which pre-

The optical surface is produced by single-point vents catastrophic window failure. Inserting and

olamond-turning (SPOT). Both flats and weak removing the electron gun posed a difficult mech-

spherical mirrors are produced for the power A&- anical problem. The solution was to develop

plifier. his technology provides an optical special-shaped air bearings to fit the smAll

finish on odd-shaped mirrors at a reasonable cost space allowed, yet provide a reliable method for

as well as resulting in a higher damage threshold sliding the gun In and out of the pressure vessel

than conventionally polished mirrors. with a minimum of force.

Antiparasitic coatings such as LiF and Fe304

have been developed which are highly absorptive Electrical

it 10.6 Um. These coatings will be used within The derivation of the power amplifier elec-

the power amplifier to help eliminate harmful trical parameters has been discussed previously.
4

parasitics. Provision has been made in the power The electrical problems in the power amp',ifier

arplafier design for a saturable absorber cell to involve the anode, anode bushings, high-voltage

further reduce parasitics if necessary. cable, and the electron-gun design, including gun

support bushings and electrical feed.

"'echanical The high-voltage cables connect the gas

A number of difficult rechanlcal assemblies pulser energy storage to the power amplifier.

are required in the power amplifier. The pres-
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These cables vast withstand 550-kV pulses during 3. V. E. Straughan, poGY7M R NaC1 Windows

operating conditions, and could see a voltage as for LASL ;ntares C02 Laser System,0 LASL

high as I ,V during fault conditions, e.g., when Conference on Optics 179, Los Alamos, W.,

the electron-gun pulser does not cperate. A May 23, 1979.

fault protection gap has been designed for the

power amplifier in an attempt to limit the peak 4. ,1. Jansen and V. L. Zeigner, "Design of the

voltage to <BCD kV curing fault conditions. Power ;eplifier for the HEGLF at LAStW Sav-

A number of utility cables were tested for enth Symposium on Engineering Problems of

this duty and only dry-cure polyethylene cables Fusion Research, ¢noxville, TN', Otober

rated for at least 145-kVac proved adequate. The 25-28, 1977.

outer semiconductive corona shield of the cable

is used to grade the field distribution at the 5. W. T. Leland, J. T. Ganley, M. Kircher, and

cable termination. These cables are about 7.5 cm G. W. York, "Large-4erture Discharge in

in diameter. During the test program the cables E-Bewm Sustained CO2 MAplifiers," Seventh

were subjected to over 6000 shots at 800 kV anl Symposium on Engineering Problems of Fusion

survived 100 shots at 1 MY. Research, Knoxville, TN, October 25-26, 1977.

M anode bushing was successfully tested at

voltages up to 1 MV. This bushing uses shaped . . I..
electrodes and silicon-rubber inserts to reduce Ah'**

the peak fields.

The cylindrical cold-cathode electron-gun .

concept was developed and tested in a full-scale

prototype power amplifier. This prototype unit -

is presently being used to test actual Antares

hardware components under realistic opertting

conditions. ANTIKS

Conclusion Fig. 1. The Antares Power Amplifier.

This paper has presented the design of the

Antares power amplifier and has discussed some

of the key components. A number of problem areas

and solutions were described. a
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Abstract is shown in Fig. I for two electron beass incident

from oppositCe sides of the volume. Contours of

Several laser systems excited by electron bem (qual energy deposited per unit volume are plotted

have been identified as candidates for pump for 80: and 90% of the peak value demonstrating

scurces for laser fusion applications. The etec- that pumping is uniform to within :10. of the mtan

tron beaml tenrators required must be compact, over nearly the entire volume. Allowing for a 20t

raliable and capable of synchronization with loss to the anode foil support structure not in-

other system components. A XrF laser, designated cluded in the Monte Carlo calculation, the overall

the A ampliifitr producing a minims. output of efficiency from the electron bea diode to energy

25 J was needed for the M'A*IU (Raman Amplifier deposited in the Sao is 25t. Assuming that 5' of

Pumped by Intensified Exclunr Radiation) system. the deposited enecgy is converted to laser output,

A double-sided electron bem, system was designed 500 J must be deposited requiring 1000 3 from each

and constructed specifically for this purpose and electron beu which for a 60 as pulse length

has produced )35 J of KrF output. Each of the implies a achine impedance of about 5 12. The

two electron beam machines in the syatem operates diode current of 60 kA results in a current densi-

with an rams jitter of 0.. ns and together occupy ty of 120 A/cm2 in the diode. The required

3.5 2 of floor space. impedance and pulse length made a pulse charged
water dielectric transmission line the obvious

System Design choice for forming the output pulse.

The choice of electron energy is bounded from

above by the combination of laser medium composi- Since the A smplifier Is to be used in a variety

tion, maximum operating pressure, and desired of pulse compression and stack!ng schemes lnvolv-

output aperture, and from below by anode foil Ing synehronization with several other system coo-

losses and the desire to keep the system impedance ponencs, timing jitter had to be kept to an abso-

as large as possible. An output voltage of 300 kV lute minimn. Thus a triggered output switch was

was selected as a reasonable operating point. A chosen for the pulse forming line. The positive

Monte Carlo calculation of energy deposition was charged Bl,,lein configuration was selected for

performed for a 10 x 10 ca aperture by 50 cm long the pulse forming line because of the accessibili-

cell filled with 2 acm of a mixture of 96Z argon ty of the output switch for triggering and because

and 4: krypton gases. The cell was bounded on two the lover charge voltage permitted the design of a

sides by 13 u thick Haevar foils and thick aluminua more compact four state 400 kV Marx generator.

walls on the reaining sides. The calculation in- The Blumlein itself is a cylindrically symmetric

dicated that 30: of the energy incident on the triax with an outer diameter of 36 cm. Extensive

foil is deposited in the laser medium. The numerical calculations of electric field distribu-

spatial distribution of energy deposited as cions in the output switch, pulse forming line and

viewed in the plane transverse to the laser axis diode were used to minimize peak electric stress.
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The output switch consists of two annular main coupling capacitor of the output switch trijg;r

electrodes with a disc shaped midplane trigger electrode. A series of 20 shots wore fired (one

electrode. The Interelectrode gap is I cm and op- profited) with the results shown in fig. 4. The

*rates at 300 kV when pressuri:ed with 100 psig of resulting standard deviation of che tim between

SF6 gas. The trigger electrode is resistively th4 Arrival of Che trigger pulse at the switch and

biased at one-half the charge voltage and the the arrival of the output pulse at the load was

trigger pulse is coupled to it through an oil- 0.4 ns. This demonstrated the capabilities of the

insulated ring capacitor. The charge current to output aviv A though at present a different scheme

the intermediate conductor flows along a rod which Is being used to trigger tho system an described

paoses through this entire assembly as shown in below.

Fig. 2.
Eltctron oam Tests

the diode insulator is a flat lucite disc with the Obujining uniform tmissiom from a cold cathode in

inner and outer line conductors shaped so that the electric fields (200 kVIc requires som% gross

electric field lines meet the insulator surface ac field e*hancemert. A hexagonal stainless steel
5 . The cathode mounting hardware is constructed honeycomb ustaral was selected for the cathode.

of 15 ca diameter aluminum pipe housed in a cham- The isdividual cells of the material are 3 an

ber made frm 22 cm diameter tubing In order to across and are made of 75 ii thick foil. glectron

minimize diode inductance estimated to be 430 oh. P'."Nole images of the cathode i[dicate that an

The cathode mounting hardware was polished to average of 3-4 emison sites are created at each

;erait operation without spurious emission at the cell resulting in acceptably uniform Illumination

resulcing 115 k/n electric fields. of the anode plan.

Slu 1 in Tests The two nested coaxial transmission lines which

The '(Arx generator, pulse forming line, and sake up the A mpliiter 3 llein are charged in

output switch vert tested and characterized prior series with the innermoat line charged through an

to the complction of the diode and laser cell de- inductor located near the diode insulator. During 0
signs. A radial copper sulfate load resistor was charging the voltage drop across this inductor

constructed for the output of the line. The pulse also appears across tte diode. To limit chis prt-

shape obtained with the trilgered output switch Is pulse voltage, the charging time for the line was

shown in Fig. 3. The risetiet indicates A switch set ac I usec, the value of this inductor reduced

inductance of 12 th which iplies that a minimum to %1.5 uh and a 100 n resistor placed in parallel 0
of two current carrying channels are formed when with the inductor. This combinstion of parameters

:he output switch Is triggered. results in a voltage swing on the cathode frow

-35 kV to -20 kV during the charging of the line.

Obtaining low jitter operation of the output These voltages are sufficiently large to cause un-

switch was crucial to the success of the A AUpli- wanted eaission from xcesaively field enhanced

fter system. A trigger generator was constructed regions of the diode. To cont:ol this emission

from bariu= :itanate capacitors pulse charged from which can lead to a shorted diode by the time the

the 3lulein xarx. These capacitors were dis- output pulse arrives, the foil support structure

chargcd by an over-volted spark gap into a 4 2 is covered with an aluminized Xapton foil to

long 50 .3 cable. The p*,lse Amplitude delivered to shield it from :he -35 kV portion of the prepulse

a 10 . Load resistor was -150 kV with a 10 ns electric field and the honeycoab cathode is sur-

r*sect=e and :n exponential decay giving 50 ns rounded by a stainless steel band to reduce the

FN1N. After characteri:ation the 50 a load resis- large field enhancemenr at the cathode corner.

cor wag :eroved and the cable connected to the This combination shown in Fig. 5 eliminates
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tmissioa in the diode during the char;in; of the Suwury

loe. An electron bea system has been desilned and con-

structed to pump a YrF laser which has produced

he output pulse delivered to the diode is shown >JS S of optical energy. The two machines which

in Fi;. 6. The voltage pulse which differs mark- make up the system have been synchronized with each

edly from that obtained with a resistive load other and with another laser system with a measured

droops principally due to the lcv value of charg- me jitter of 0.4 n. This approach should permi

ing inductance required to minimize prepulse. The the construction of Isrger, more complex electron

inductor and resistor are in parallel with the beam pumped laser systews employing pulse stacking

diode during the output pulse and subtract O150 J and pulse compression techniques.

(IN) from the available energy. ?lamae closure

in tht diode also contributes to the voltage References

droop. The sho:ter current pulse and a4over cur- 1. X. Rapoport, privaq communication.

rent risecint suggtst a delay in formation of the

cathode pliama. Acknowledpmnts
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The characteristics of the electron beam after of T. Pecach, D. Roberts, 3. Swingle, D. liSlert.

passing through the combination of anode foils and J. Tasks and W. Smiley who assisted in design, con-

support structure were examined. The spatial pro- struction, and zesting of the A amplifier system.

Sfiles of the beam as measured with a film dosist- Vork ptrformed .der tht aupices of the U. S.

ter are shown in Fig. 7. The beam energy measured Depa.-ue=a of I-aetra b the Lavr.ence Ave,-rore

with a carbon calorimeter was 640 : 50 J for each laborazor under contract n---= -Tr L- ,-b8.

beas which is consistent vith the amount of energy 5

needed to produce 500 J deposited in the laser -. - -
O Mediu..

Iritferivng Systems 90%

The initial laser experimenti require only that 8 5 0 lectron energy 300keV

.he two electron beam machines fire within a few 0 Foil 13 p, havarEfficiency 30% --

* nanoseconds of each other. Rather than construct E en 30

a separate trigger generator, the scheme shown in W

Fig. SCa) was used. A pair of 50 n cables vere

pulse charged from each Marx. both cables were I

connected to a single spark gap located midway -5 0 5
X. cm

between the two machines. This common switch op-

erated in an over-volted node shorting both cables Fig. 1

and simultaneously producing trigger pulses for Load

both machines. The rus jitter for this system has HV reis-o

been verified as <0.4 ns. More recently this h-lumlein

co~on gap has been replaced with a trigacron gap

* which is triggered by a pulse formed with a laser JL

triggered spark Sap.1 (Fig. 8(b)) The overall

standard deviatio, from the arrival of the laser

pulse to the arrival of the voltage pulse at the
Trigger switch Insultos

diode is 0.- n. Fin. 2
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1iversity of California, Los Almos Scientilic Laboratory

University of Nav Mexico, Los Alamos Canter for Craduate Studies

Abstract

The cable pulse forming network (PFN) is an excel- where - and Z '- the one-way transit time and

le: puvp for transverse discharge lasers. The the characteristic. impedance of the cable ?.

effect of load characteristics on F, design is The voltage on the cable can be approximated b
discuised in detail. !xperimental results are ..

presented for a rare gas halide laser pumped by a c

cable w. where the ringing frequency is calculated from
1

Introduction Qa U (L (3)

,M.ny pulsed laser syscm require a pump capable of d eq

depositing the stored energy in a time comparable where L Is the inductance of the driver and the

to the laser pulsevid:h. For rare gas halogen equivalent series capacitance is expressed br

(MC ) syscens the pulsevidths are typically a f.a CS Cc
tens of nanoseconds. One type of pulse forming eq C $+CC

network (?f.) very well suited to this service is Where Cs is the capac'tance of the storage capaci-

the co-axial cable PYN. tor and C is the cable capacitance. Since the

In order to design a Pfl( a few assumptions have to charge divides between series capacitors, the peak
be made about the load. A typical transverse dis- voltage is expressed by the formula

cha:e RGH laser will have a breakdown voltage of CS

0 kW and an Impedance of 1 ohs or less. For best =  C -cc

laser performance the voltage on the laser should where % is the initial voltage on the storage

have a race of rise (dy/dc) of 500 V/nsee or great- capacitor. It is worth noting chat If Cs > C ,
or. The load inductance Including connections to the ringing frequency is determined by primarily
the PFN must be kept low (< 10 nH) in order to CC and Ld. Also. If the voltage is allowed to
deliver the stored energy in 30 ntct. ring to its full peak value (ut - . radians) the

The cable P.M shown in Fig. I meats these require- voltage will nearly double. The time rate of
=eit quite well. The storage capacitor Cs is change of voltage on the cables can be found by

Initially charged to a voltage V . On closure of taking the derivative of eqution (2) and is

the triggered spark gap switch S, the cable ?FH expressed as

begins charging through the interconnection induct- dV
-- V u sin j (6)

once Ld. For charging times somewhat longer than dt n
the electrical length of the cables, the P.N. can which can be used to find the current in the switch.

be created as a single capacitor (Ce) of value dV

c - - (1)c When the laser reaches breakdown the load cjrren-
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will be approximately A considerable effort has bean devoted to studying

E 1XRi-ls 1€ (8) the tine varying rsistance and its effect on PN.

s 1 I- design, but %he results are outside the scope of

'uhere L1 is the load inductance, I1 is the load this paper.

resistance, and the current due to the ?F is Sumsarv and Discussion

-r Vd 1[t)-U(c - 2zThe cable discharge PF, a endicse
I'* . t Li o ] I detail, both in the charging and discharging modes

where Vdis the breakdown voltage and the unit of operation. Experimental results presented show

step functions specify a reccangalue pulse of this type of PFF is well suited to the generation

width !:. of multi-gilawatt pulses in low impedance loads,

Exprimencal Results even when the impedance varies with tine. Experi-

ments sre I progress as LASL to design lover
Several PFls of this type have bean used at IASL impedance higher power pFNs capable of pumping

'Yith exctllnt results. The following data are iaH lasers.

taken froU one typical laser systc. The laser

discharge cross see !on is 12 me x 19 w which *ork performed wnder the auspices of the US DOE

reSuts In a 138 cm3 volune over the 0.6 = elect-

rode length. A gas mix of 3.05 torr F,, 55 torr

r, and 3150 torr He was used. The fM. consisted

of 48 parallel coaxial cables (Essex 40/100) of

2.44 = length. This results in an impedance

(Zo) of 0.63 ohas and a one-way transit time (T)

of 15 ns#c. Laser inductance was estimated at 8

nIl. The electrical driver was a two-stage , arx

;enerator having a capacitance of 150 nr per

s:a;t charged to 48 kV DC. The inductance of the

driver (Ld) was calculated at 275 nh.

The r.esulting voltage and cuzrent waveforms are

shown ik Fig. 2. The voltage rises to 42 kV

b:eakdown in 30 nsec. At that time the current

beins :o flow and reaches 62 kA in 36 nnec.

?iLure 3 shows the resultant power and energy

curves. Pewer is calculated from the inscsncan-

4ous product of voltage and c'rrent, and energy

is the time Integral of the power. The ratio of

va'z:ge to current provides the time varying

mpeda2nce shown i Fiq. 4. The poweL delivered

by the PF is 1.3 x 109 V in a 32 nsec FM pulse.

This results in an energy deposition of 40 J

luring the pulse. The laser delivered an energy

of 530 =J per pulse in this confiuracion. The

laser pedance during the pulse varies froz

In.!nlro (just before breakdown) to nuar tero

zc the end of the pulse. 'ahich is probably the

result of an are.
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Figure 1. Schematic of Cable PFN
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IM(TTED

*RIDE.T - A CAVOLT ? ELS GCERATOR USZING IDUMCIV LKRGT STOAGE

D. Coant, R. D. Ford, W. H. Lupton, 1. X. Vitkovitsky

Saval Reseatch Laboratory
Wahinston, D.C. 20375

A meavolt level pdlse generator, TRID[NT, has been is the opening switch. Our approach to this problem
constructed utilizing an inductive store as the has been to bagin with those types of switches which
primary pulse forming device. The 2.5 A1 coaxial have exhibited the most promising characteristics
storge inductor can be energized with up to 500 kA (e.g. opening time., high current capabilities, -
obtained from a 500 WT, 60 kV capacitor back. rapid high hold-off recovery, low loss, etc.) with
Current interruption is accomplished using a three respect to te present state of technology. The
stage opening switch comprised of an explosively results of this work indicated that an effective
actuated switch in parallel with foil mad wire fuses. openin switch could be designed by parallelinK ax-
The generator has been operated at the 410 kA charge plosively actuated -z.L:ches with foil and wire fuses.
level (70% energy) to.product 700 kV pulses vth Am a demstration of this switching scheme, the
rlsetimes of 1.50 nsec. Energy has been deposited ITRID3NT pulse generator was designed and fabricated.
into a 7.5 1 resistive load at a rate of 5 x 10 0w. The goals of this exerimentel pulse generator were
Operation with optimized fuse dimensions and at full to demonstrate m-gavolt capabilities at 500 kA current
charge Is anticipated to approach megavolt outputs levels with 100 usec risetius while delivering a few
at powers of 1011 V. Future experiments f.nclude tens of kilojoulas to a resistive load. The remain- 0
utilizing a hoopolar generator as the current source. dar of this paper daescribts the switching scheme, the

design of the pulser, operation to date, and future

experimental plans.
Introduc:on

The 4evelopment of high power pulse generators using
capacitive energy storage has achieved levels of tens Three Stat. Opening Switch
of ctraracts at energies of a few megajoules.1'2 The The three stage opening switch was developed easpe-
next generatior of experiments to be performed using cially to be compatible with the slow risetImes
pulse power technology will require energies of (seconds) typical of homopolar generators, but yet
several tens of megajoules. The combination of size, retain :he fast opening potential (10's of noecs)
ccplexity, cost, and, in some cues, limitation of of wire fuses. A schematic diagram of the three 0
electrical parameters of such machines is prohib- stage switch circuit is shown in Fig. 1. The first
itlve. In anticipation of this requirement, .RL stage of this switch is an explosively actuated
has undertaken a program to develop compact induc- switch. This switch has been described In detail
:.ve energy storage pulse generators which utilize elsewhere.5 ,6  3riefly, it consists of a thick wall
inertial energy stores, i.e. homopolar &enerar3s, aluminum tube which acts as a current conductor. 0
as the primary- energy source. Sharp edged rings (cutters)- and full radiused rings

(benders) are alternately placed around the tube and
As recogni:ed in every previous experiment applying spaced using polyethylene insulators. A length of
inductive energy storage, the maJor component problem primer cord is placed along the axis of the tube and

. . . . . . .m m m m q m m i i m i0
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W---- SCcTo for many applications and, In order to achieve the
CUeMCNTI
IoYwA CONSAL high voltages, the mass of the fuse material to be

u2"simaom vaporized accounts for a significant mount of sys-

I tex energy.
ct (S5,aI

• eLI I; The 100 nsec risatime, high voltage pulses can be

CFO~ " m M W Lado generated by comutating the current from the foil

i - with another fuse element uith i small cross section
. designed itr. explode in the microsecond time range.

Fig. 1. Schemacic diagram of the TUiDLT inductive These fast fVes can generate self-field stresses
storage pulse generator. approaching 2u, "V/(-= without restrike. Most of the

work at L has employed vivo fuses for his element.

the tube is then filled with paraffin. Detonation Copper wires have been used over aluminum wires

* of the primer cord by an exploding bridgewira deton- mainly because of the fragila nature of .luninum
ator forces the paraffin against the tube which is wires. Ideally, wires of minimuim mass should Li
then severed circumferentially by the cutting rings used, however, the actual cross section nccessary

and folded around the bending rings. For operation is dependent on the recovery characteristic of tha

in water, the region inediately adjacent to the slower preceding foil fuse. A small scale experi-

bending rings is filled with styrofoam to exclude meet conducted at the XC* kA ltvel using a two stage
0 the water and thus provide a compressible madium into foil and wire fuse arrangement has produced the foil

which the severed aluminum rings can be driven. Each fuse recovery characteristic shown in Fig. 2, The
gap generates an arc voltage of 200-700 V, depending cso curves were for commutation out of the foil in

on the current carried, with a risetime of approxi- the 3 and 4 ks self stress range because at lover

mately 20 tisec (opening time). The outstanding fields the fuse is not completely vaporized and at

characteristic of this switch is its low loss in the higher fields unnecessary energy dissipation occurs.
conducting state. This feature allows the storage 1he significant feature of this data is that after

inductor to be charged at relatively slow rates. 2 psec of comutacion the foil fuse can withstand

Its slow opening time and relatively low resistance electric fields of 20 to 25 kV/cm without restrike.
in the open state are the reasons that -ucceeding The reason for the decrease in the recovery charac-
stages are required for high voltage, fast pulse teristic at times out to 10 ;sec is not understood,

applications. If this switch is to be operated In

high voltagc applications, current must be comu- Puu IcovAsNcCcP4Tc

tated away from the switch for a time period of - 24 --t.

40-50&;sec before any high voltage is applied. 1 . .

During this interval the switch has recovered to a S . * 3o .
hold-off level of 10 kv/c=.

Co mutation for this interval ha been accomplished s oi .

with fuse elements chosen with appropriate cross -

sections. The majority of our work has employed

water tamped aluminum foil fuses for this element. -

Fuses with this duration time to explosion generate :L

--axI=- voltages of 6 kV per = length of fuse. 2 3 , 1 , 1 ,

Currant interruption times for these fuses range TUd4l

from 3 to 5 asec. These times are still too slow Fig. 2. Foil fuse high voltage recovery charac-
teristic.
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but has not been pursued because these longer times duce output pulses of greater than I 4Y with rise-

ace presently not of interest. The factor of six times of 100 neec when discharged thruugh the three

gained in hold-off ele tric 'eld over the self stage opening switch. In order to ell-mnate machan-
Seneratsd electric field matches, by coincidence, ical problems arising from forcee generated by the

the factor of six in voltage multiplication typically high currents, the storage inductor was conatructed
zeasured from the wite fuse in our two stage switch- a* an oil filled. 18 ft long coaxial line with an

ing experIamn, .6 This rapid recovery to a high outer conductor diameter of 14 in and an inner con-
hold-off mltage miiai:es the voluates of both foil ductor diameter of 2 in. This choice faciltted

and wire fuses required and hence ainimitzs th4 connection of the bank collector plate to the tank
epergy required. It also allows for a fast time to cuntaining the switching arrangement a is shown in
explosion to be used on the last stage and conse- the experiment plan view of Fig. 3. The inductance
quently the capability of attaining submicrosecond of thla line is 2.2 0LK. All mechanical forces acting
output pulses exists. Voltage waveformo from the during pulsing will toad to center the inner cunduc-
oreoration of a three stage switch at the 3,0 kh tor as opposed to the coil type design in which the
level ara shown in Fig. 7 and described in the forces would deform the coil. The dimensions of the
experimencal results section. coaxial line were chosen so that electric brekdwm

would not occur for 500 nuec viJ pulses until the
Destin of the TRIDOqT NI-so Cenerstor voltege exceeded 2.2 WV. Tho expected pulse rise-
The design of the ThZDKLWT pulse generator was based times were long enough that transit tiou effects in
on the requirment that voltages of 1 MV were to be the line would not be a major problem.
produced and that currents in the sub-mugaspere range
be em'ployed. Add~ltonally, the current source was The bulk of thc fus work performed at NRL used de-
to be the M SMU It capacitor bank which stores Ionized water as the tmpinLg medium. To continue
'80 kJ at 60 kV (266 jiF). Calculations to predict using this medis, the entire three stage su'itch
the operation of the generator wore performed at two system was placed in a 6 ft x 10 ft x 6 ft water
IUvels. First, inasmuch as several switch component tank. The switches themrelves only occupy apptoxi-
&slgns vould be used, simple calculations based on maetly 1/3 of tha tank. A larger tank was Cabricated
the uxvlodAng switch arc characceristic and abrupt to accommodate future experiments. The oil filled
r4uUtnce changes for fuse elements were performed coaxial inductor was interfaced to the water tank
Zo per-it construction of the inductor and tank for through a I in polyurechane diaphragm to a short
containing the switches. Follow-.ig construction, water insulated coaxial line. ith tocal inductance
!nduc:.nces of actual switch circuits were reasured of the circuit through a switch chamel is 3.5 #H.
and cl culated. These iniucinces were inserted into
equLvalenc circuits along with esipirical descriptions To more precisely control the transfer of current
of fuse vapori:ation characteristics for more precise between switch sctges and to allow each switch to
si-ulacions. Comparison of these calculations with open to a desired stato before the application of
actual circuit perfornance provides Information for high voltage, closing awitches are placed between
the design of future generators. The remainder of elements. 1kcause the arc voltage of the exploding
this section provides a description of the pulse switch is low and the opening times are relatively

generator ,hich was constructed on the basis of the long, a solid dielectric, detonator-triggered switch
si=ple calculations.' It is followed by a sample is used to commucate the current to the foils. Com-
calculation in "which detailed switch descriptions mutation from the Foils to the wires and the ires
are used and stray inductances are included, to the load Is accomplished using self closing vater

saps.
The 3arly calculations indicated that a storage In-
duc:ance of 2.5 jH energized with 500 kA would pro-
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COL.LECTOR
KLATE

&LOM ! / SWITCH

TAWNIPIAG LM SWITCH

. -SUZY 2 CAPACITONqS

Fig. 3. TUIDE-T experiment floor plan.

The quarter cycle p*riod of the capacitor bank ring- comutation between successiave states.

ing through the inductance is approximately 50sisec.

To provide a DC current through the inductor, the The explosively activated svitches, because they

capacitor bank is crovbarred (clamped) using an ex- employ a 2.5 in diameter tube for conduction, fit

plosively driven switch when the current in the in- directly into the saddle shaped sockets. The fuse

ductor reaches its ;eak value. The t-folding decay elements vera stretched on various rack type devices.

time for the crowbarred inductor is 500 usec. Since The most successful of these racks is designed around

the comoutation time for the exploding switch is the same tube used for the exploding switches. The

approximately 50'setc, the capacitor bank can be center section of a tube is removed and replaced

operated in the non-crowbarred mode to test the per- with an appropriate length of insulator, usually

fo.-ance of the final two fuse stages independently polyethylene, Places with clamps for foils or pegs

of the explosively actuated switch. for wires are machined so that they slide over the

aluminum tube sections. They can be clamped at any

To accommodate the switches, the innar conductor of location on the aluminum tube as dictated by the

the coaxial inductor was terminated in a "T" shape fuse lengths.

in the tank (Fig. 3). Five equally spaced 2.5 inch

saddles were welded to the "T", with a similar saddle Measurements and calculations show that eac-h switch

Attached to the opposite wall of the tank 55 inches stage has an inductance of approximately I jH, thus

away. A current shunt is incorporated into the forming a 3.5 4H total loop inductance with the

=nunt at the wall so that the current through each coaxial line. The inductance of the loops between

ar4ge could be measured independently. The switch- adjacent switches is approxinately .5 pH. This is

in, elements and a cylindrical copper sulfate re- the inductance which determines the comnutation tine

sist:ove load could be arranged in any configuration between stages. Circuit analysis has been performed

on thls "T". Typically, the switches and load were using these values and allowing the fuse conductivity

arranged to provide the =ost favorable for current to vary according to an e=pirically determined con-
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duccivity vs. energy retltlonship (Fig. 4). The con-

ductivity curve was obtained from current and voltage

=4sureents of single alu inum foil fuses operated

in an open circuit (i.e. no load) condition at a 2.0
peak current level of 10 kA and A time to explosion eI'

of 200 &sec. The aluminum wires are aseued to 8% V
follow the sam relationship. Figure 5 shove the > 1.5
results of this analysis for a resistive load of \10

It.: with .5 UH of inductance. The voltage is W 1
approximatteIy 1 XV at the peak current of 70 kA for (D 1.0- 75 Z
a peak pover of 7 x 1010 W. For this simulation the ' I JCI

initial, inductor current was 490 MA. The explosively 0 1 .. 50
>U

sccuated switch arc voltage was 13 kV with a total 0.5 /

conduction time of 80 gsec. The aluminum foil fuses - 25
'ere .5 a long with a cross-section designed to ex-

plode in 40 usec. The aluminum wire fuses were .5m

long with a cross-section designed to explode in 00 7W 0 00
2.5 psec. The current ve comutated awey from the Time (nsec)
foil when the self-enarated electric field was 3.2 Fig. 5. Computer simulation for TRIDENT experiment

ky/c. These waveform shapes are characteristic of driving a 14 n resistive load with

inductive energy stort pulsers. The Load ristisme .5 111 of se es inductance.

show the opening characteristics of the final

switching stale slowed by the commucaing inductance, The fall times are the L/R decay times of the storage

inductance plus load inductance through the load

FUSE VAPMAZATM~ CHA*CTETICJ rsitce

_ *..S.~ZU -,o j ] Exriental, Results

#4t t.eo{-4.53I0"W) To date the TR.XDIT experiment has been operated

.0 E ~with a maximum voltage of 50 kV on the capacitor
bank (388 kJ stored) which corresponds to a peak

current of 410 kA in the storage inductor. This

level of current has produced output pulses of 700
kV with risetimes of approximately 150 nsec. Energy

has been deposited into a 7.5 resistive load at a

rate of 5 x 101 LO . This is a power multiplication
of 90 over the power level being dissipated by

' "".,, reSistance of the initially crobarred induc-

I. tor.

I Early TP.IDF2T data showed that the 1rc resistance

of the exploding sritch was =uch lower ac hi;h

100 . .currents than expected ad the excessive burning

Ef 10 i L5 o0 Z5 30 35 h 0 45 W in the switch degraded the recovery characteristic.
. nu i vs. nera eerg yreltn For example, early prototype switches had arc re-.-t;. -. Conduc:vt7 vs .Internal energy relaton- i c n e of ap x m tly 3 0 =l Ac5 k ,wh e

ship for aluminum foil !use. Zero energy

corresponds to the onset of vapori:acion. MIDET shots usin& similar switches at 240 M =d



'00 kA had arc resistances of 50 M 4 nd 20 M 44, Comucation of current to th, foil fuse has had good

respectively. To overcome this problem the switch success. Failure to commuat has usually been
was divided into two modules, a short module con- caused by A failure of the closing switch 1. the

* taing only 16 switch gaps and a long module con- foil path. The inductance of the comutation cir-

Ctaning 31 laps. (Fit. 6) For circuit operation, cuft is approximately .5 UK ad the arc voltage

the short module, which gas placed on the groun generated by the exploding switch is 3-7 Ws so
end of the switch. was fired irsc. The number of commutation times range from 20 to ,0 usec. A rp-

sections faor this module was chosen so that the resentativt os illoscopt trace showing comnecutIon

valte was sufficient for a reasonable commucation !rom exploding switch to foil is shown in Fit. 7.

:L~t to the foail fuse. The timing for the firing

of the second nodule was chosen so that it would Tvo problems which have been associated with the

star: opening just prior to complete comutation operation of the laTe foil fuses (a.. 50 ca (N)

out of the exploding switch. Since this switch is , 60 ca (L) x .0006 ca (-.))have been non-untform

opening under essentially zero current conditions, explosion of the foils apparently caused by non-

* there is no burning in the switch and it presents uniform current diastributios In the fail and

a clean open switch to the high voltages reflected damage to the fues inflicted when the delicate

by the succeeding fuse stages. thicknesses are Imrsed. The first problem, eval-

uated using time integrated open shutter photo-

no long module has operated at least at a recovery graphs and examination of the clamped ends of the
* voltage of 10 k'/cm. The actual stress across open foils, has been improved by mounting the foils n

gaps may be higher. Due to the relatively slow cylindrical and hexagonal gometries which promote

propagation time of the detonation along the primer symetrical current distributions. tandling of the

cord (7-5 mz/sec), only 60% of the gaps are probably foils has been facilitAted by sa.diching the foil

open when the high voltage Is applied. Future beween fiberglass screens which are spot welded
switches will be detonated In several lovations along at the foil edges to form a fuse package with

its length to decrease the time for couplets switch strength equal to that of the fiberglass. The

opening. screen transparency allows the water to come into

intiate contact with the foil and tests have shown

GROUND that operation of the foil is unaltered by the

screen.

GAPS 1- 16
(t. O sc) Wire fuses of both aluminum and copper have been

used as the final fuse stage in thicknesses ranging

from 1 to 5 rils. Wire currents have ranged from

75 kA for shots with 240 kA in the exploding switch

IOOcm ;Just prior to comutation :o the foail fuse to 150 kA

GAPS 174Io ht with 365 kA measured in the exploding
(to-M40 c swith The lower level shots used 28, 5 ail dia-

mter aluminum wires, while the high current shots
used 53, 3 mil diameter copper wi.res. Thbe maximum
self stress generated by the wires to date in the

T"IDEMIt experiment has been 13 kVlcm, a value well

HIGH below their previously demonstrated capability.

VOLTAGE
Fig. 6. Photo of double module explosively A sec of typical current and voltage wavefor=s from

accusted switch, a shot uhere the peak current through the storage
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Induccor was 3UO kA Is shown in TFt. 7. The current 605 'W. The current commucacdd co the wires is

just prior co cowmwatioti to ta foil usa 270 kA. shown in the bottom trace of the figure. The signal

.th reduc:t.n f!on peak Is due to the cobined has been delayed 1.5 usec and therefore tusr be

tffects of th crowbar resistanc., and losses in the shifted taree divisions to the left for time corre-

exploding vitch circutc. the co-muition cim to lation with the volta& pulse.

:he foil was :0 .sec. Although not shown in the

phocos, the arc vol:st s 6.6 V. The volcage An accurate analysis of the ThIMIr circuit was per-

trace shove chat the self closing uAter switch to formed, as described earlier, to evaluate the *x-

the wires closed uhen the foil voltage uus 125 kV perimecaly observed values of current transfer to

(sa-cooch ran on extreme left of voltage trace). the wires against choose current levels which should

The wire fuse exploded 1.75 sec &ftr the closure be expecced on the basis of circuit parsmers and

of hlt vtch generating a peak voltage pulse of witch proerties. This analysis asumed a total

exploding witch opening time of 80 0ec, 5 kV of

arc volcge, A foil fuse tim to explosion of 50
EXPLODING SWITCH CURRENT jAec, and an initiation of current comuaton from

340 kA PEAV( the ,oil to the wire when he foil fuse self ener-

aced stress was 3.3 kV/cm. The results of this

analysis is shown in Tig. 4 fcr foil fuse lenlths

of .5 sad 1.0 meters. Fairly good agrtmenc is

shown between the analysis and TUXDL..T daca points.

This result indicated co us that we had a good under-

standing of the operation of the switching elements,

and, not surprisingly, the Inductance associated

with the switch elements and in the comutatcon

circuits must be reduced to increase efficiency to

the final stage.

FOIL FUSE CURRENT Future Experiments

195 kA PEAK ediate plans for the T2RIOE experiment Include

operating the system at full charge on the capacitor
OUTPUT VOLTAGE bank (60 Wv). This will .rcresse the peak current

605 kV PEAK in the circuit to approximtely 500 kA. This is

M4a cw

WIRE FUSE CURRENT U4=0 -M

85 A PAKFig. S. Con-parison of TRMEMT data to coopucar

Fi;. 7. U.presentacive current and voltcge wave- siLulacicn of current transfer to wire

for-s fro= the TRIDOT pulse generator. fuse.
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L'DCTIVK STOACE - ?XFOPECTS TO& C KZ ?OQJI CEI(XUTIOV

j. X. Burton, V. Cate, 2. 0. To.'d
W. V. Lupton, V. 1. Scherrer, 1. X. Vitkovicsky

?rwa Rsearch Laboratory

IJashington, 9. C. 20375

Abst ract
Re:enc progress in the d4velopmnt of key alaionts Thi paper discusses the status of oening witch'.
of high power intuctive storage system *&as it And their relation to developatnat of large Inductive
poisibla to genrate high power pulses using energ storage system designed for loads jrcquirLgn high
scmrage system (oter than explosive generators) powr input, and for system with specialized output,
that include 2sigle-pulsa Iductive system, hybrlds suck a pulse trains with short puls-co-pulse

(L-Auccor/pulft line1 and inductive dIvites for separation. Prospective d4velopumc of one ne
steapening of the capacitor output 2 ) as wall an type of opening switch, a plasm witch, It also
Inductive system for generation of high powr discussed to illustrate further possibilities for
pulse trains. improe performance of these system, including

repetitive capabLY Ago.
?:ospects for further developmat of opening
switches And storage system suggest pocant al, Opeint Svitches

nasr-term payoff. In:rovements based on such da- Te requiremts Imposed on the opening switchas in
velopments cAn be expected to iopact systeo effi- inductve storq, system, i.e. high resistance -if
c.ency, compactness and operational convenience the opened state, high inductive electric field,

higi restriko voltage with the attendanc rapid re-

Incroducclon covery rate and fast opening time were discussed in

M'.necic storage of. energy rar applicat ons, re- Af. 4 in relation to the circuit parameters. It
quira:; large awsuncs of tnry, is preferable to can be seen from the analysis of the energy transport
c pacicive storage because of its characteristically f row the inductor, L., t: the load thac the above s tch
high ener;y density, some 102 to 103 tines higher characteristics scrontly influence the pulser's 4ffl-
than elect.osc3tic energy storage. S. A. Masar and citncy. This is because the efficiency of transfer
H. 4. Uoodson have survayed the methods of energy from oe svitching stage to a succeeding one (as is
storage for pulse power applications, concluding necessary to do In systems vith lsrge power a.pll-
in 1975 chat Inductive storage has great pocantal, fication fc-cors) is iven by
but that it has not been used extensively in the * a +A +h 1 -I
past. Spec.fically, the problem of opening switches a I -o a
is Indicated, 01ch the prediction than high current, uhere WV/o is the ratio of energy transferred to tle

hign voltage opening switches wilrl evolve frem power next stage (characterized by resistance. R, and in-
5circuit breaker :technology. euctanca L) to the stored ane-gy . The magnitude

of the effect can be estimated fron t/% by noting
thac the induccance L of the next stage Is always
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approximately proportional to the inductive or re- the switches are son to fall into two categories.

strihe electric field. In high pover systems using Those decigned to perform with (nearly) unlimited

several opening svitch stages small improvements conduction time are plo:ted using values of To of

In the value of these para=eters improves the trans- the specific experiments uhich pcoviuc th above

fer efficiency substantially. In addition to the rescrike field data. T0 , of course, cannot be

circuit efficlncv, the transfer time, determined shorter than the elicrode separation ti=e. In tima

by such constraints as ,te rocovery rate us: also casts, the electrodes can conduct over -uch longer

be short, so that non-recoverable energy losses, time. The lower shaded region corresponds to

suzh as vapori:ation energy In the cast of fuies, s'Jttches operating with TO lon.tr than used In pub-

reprosencs acceptably small portion of W * lshed expaeritnts. It, thus, delineates the parA-

=,tter space accessible to the InductIve storage

Figure 1 maps a variety of opening svitches in t.rms designer. The second category of svitches are those

of their dependance of the restrike field (noting vith limited conduction ;I=*. Such limits arise

that it is that field rather than the InducrIve from a constraint specific to A given type of switch.

*electric faeld that usually dominates the svitch Opening svitch controlled by an external electron

length) on the recovery time, T.. needed to achieve betai is an example of the li-it on the conduction

the corresponding magnitude of the field. By nor- time arising from the constraints cn generation of

-zli:-ng TR to the time, TO, i.e., to the time that the electron boams. For reference, Figure 1 also

the switch conducts before interr.'.ting the current, shows the hold-off voltage of closin: switches,

Se--pmhasi:ing the typically higher electrit field

ava.lable for the pulser design.

c q V The ability of sitches, t-it' unii.ized conduction
d CNU TI and operating at high current levels, to opcn in a

time about 100 tImes shorter than that of conven-

tional circuit breaker9'10 has recently provided

o a necessary technology for developing inductive

storage pulsers based on rotational energy storage

IW"% JM~e I with typical slow rise time.

TI Figure 2 is a schematic of a plasma switch* with a

~.. potential to combine fast opening and recover)!

oi.es and high hold-off electric field. ic Is based

TANro on use of dense plasza flov (at 10' and In c=ls)

generated by external plasma gun 1
. Wen the plasma

Fig. I. Parameter dpace outlining the perfor-ance it in the region between the electrodes, :onduction
of opening switches. The following switches of high current is possible. As the plasma exits
are sapped: 1-foil fuses, 2-crossed field
switch 3-plasma switch with its prospective the electrode gap, interruption of current ensues.
development described in this article, and Appropriate coutacing circuit can be exeted to
electron-bem= controlled high pressure gas
sw Itch discussed in ref.7, 4-irosion provide very fast voltage recovery associated with
sw tch,8 5-magnetically operated mechanical
breaker, 6-explosively driven stch hat o vacuu breaker using echanical separation
7-SF 6 circuit breaker

l' , 5-vacuu= breaker12 . of electrodes -. Promising performance of this

switch, as well as that using high pressure gas

*Conr epE 'Wr ct.switcn oy Y. J. Turchi,

U. S. Patent Applicat.ion (1979)

p.
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C0lMIMrT0ONS Fo, INDUClUVEtX DPIVEN PLASMI'.A1MOSZO,

D.--. S-TXv, A.?. Pm o , and L!. Kz.l0SVS=

Air Force Weapons LAbo:atcrv

Kirtland AYI, R~ev Xoxico
Abstract may be conzeptually developed using Inductive
Inductive pulse !or=Ing techniques appropriate for (mAnetLc) ener;y conditionin; techniquets' 3

the driving of Imploding plasm"s hwe been explored coupled with inettial primary energy storage
with special Attention given to a suitable opening The Lnertial primary store is essentially present
suitch. rsaetr€Ic Investigations of circuit models technology. Therefore, the purpose of this work is
Indicate that imploding load performance is roela- to explore the potential applicabilty of Inductive
tively independent of opening switch parameters. pulse forming techniques in the driving of laplod-
Extrapolation of existing experimental and computer ing plasma loads. Special attention is paid to the
simulated data leads to conceptual design cr:eria davelopment of a suitable opening switch. In this

tor a fused metal foil opening switch which will paper the inductively driven plasma implosion AYA-
be implemented on a 1.9 ?J system. The inductive teas will be explored analytically and coxputa-
system compares favorably with the direct capaci- tionally through circuit models. The performance
:or driven system In terms of kimetic *nergy with of currently Available opening switches will be
the definite advantage of shorter time scales on compared against the requirments developed in tb
which the energy is delivered to the implosion, analysis to assess the near term prospects for

applying inductive techniques to large systems.0 Introduction

The Air Force Weapons LAboratory is investigating Simole Aalysit
plasma Implosion techniques as a desirable method The circuit shown in Fig. 1 consists of a do char;ed
for generating a very high energy density plasm capacitor bank (C) discharging through a storage
suitable for use as an intense X-ray Source 1. Under inductor (L. * Lbank + Lex) and a closed switch
the SHIVA program experiments have been conducted ( ) att opens at peak current (I ) to transfer
In which a plaszs form.ed from a thin freestanding, the energy through switch S, to the los of initial

cylindrical netal or plastic film is driven to high inductance Lo . The load inductance Increases sub-
velocities ( 20ca/usec) by a h4h current from a sequent to the Initiation of current interruption

1.1 ?J, 1.3 us capacitor bank. Proper choice of thus corresponding to the implosion of the SHIVA
geometry and mass of the Imploding plasma allow load (L(t) - Ln + ZL(:)). The initially open switch
good (25-30Z) coupling of electrical to kinetic (S,) isolates the load from the system until switch-
energy and have efficient heating of the pinched ing tine (tX). The final load inductance is
plasma. RP-diatior outputs of 180 U. (16: total L - Lo + 6L where
efficiency) at powers in excess of 1.5 7 have been h o

observed. Future experiments call for the delivery n (2! /R ) (1)
of much larger amounts of electrical energy (15- he parameter % is the height of the cylindrical
30 !1J), and implosion dynamics sugges: that shorter foil, while Ro and Rf are the Initial and final
Implosion times (300ns) would be advantageous. To cylinder radii respectively. Convergence ratios
meet these requirements energy storage systems of (Ro/R.) of 12-14 are co=on and the shorter time
conventional design would be exceedingly large and scale Iplosion is expected to lead to a convergence
expensive. An attractive alternative technology
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of 20. Several Assumpcions are employed In the ratio and %he foill height. For the SHIVA system
simplest analysis. 1he final resistance of the values of 1. below 3-5 nR are unrelistic, uhile

opening switch is assumed to be large :oapared to 4.1 can range from 6 to I.Z nK, and reaching very
the final L of the load to prevent significant high e!.*IcLncy will be difficult. Given practical

sharing of current through the switch. If the i-- constraints upon LO and AL, the value of La re-
plodint cylIndnr radius and velocity are r(t) and mains as one parameter which can be adjusted. In-
vt), on%% can write tuitively, If LA Is chosen co be very small, a

4 -h large amunt of energy is lost In the switching
r() ' operation, if it is chosen to be large the energy

It -s also assuaed that the resistance rsas transfer to %he load suffers. To find the optimu
quickly, In other words thac the svutchIng cle choice of LsA one can cake dr ke14L s and set the ca-
is much less than the implosion tim. suit equal to zero. This results in a criterion on

L , namely:
At peak current and for the short energy transfer

tL s of Interest the bank voltage and the amount a o
by -4hich the charge on C can change is near aera, Clearly for the case of the static load, 4L a 0,
hence for the analysis the capacitor element can be q. (7) sies 1s - Lo . Thus, the famlar static

represented by a short circuit. Assuming conserve- result is recovered, and as expected, from Eq. (3)
tion of magnetic flux, the energy stored in La And and Eq. (4) E. Ey SO r0. plotting nk. as a

La i4d ately after t is function of Lf or an Implosion where 3L - 12 nP.
L(3 shows that the efficiency of coupling inductive to

1 L L ao kinetic energy goes through a 9axIw& at the pre-

where r ( .L to!) is the energy stored inL dicted optimum L and that the optimum is broad and
SA reliivuly insensitive to small varlt-i.ns in Lprior to t s . The energy dissipated in the rising .I- s

switch renistanc.Q must be for one class of opening switches, namely electrl-

s L L() cally exploded conductors, the operation of the
a - switch is determined by the energy, (and to som"

according to conservation of energy. To =mnimiza extent power history) dissipated in the evltch.

te switch dissipation LO must be as low a p Therefore it is useful to characteri:e "he clrcuic

ble (Lel s ). After :he implosion the Approximate performance in terms of the energy dissipated In
ang od L And IL Is the switch given by Eq. (A). Figure 2 is a plot ofthe minimum dissipation fraction defined as

L 4w LZ ' a s - r .( )' -- - 0"- " (8 )
. 1. +L - E0 Ls + L  '

he kinetic energy coupled to the plasma shell dur- 'en Ls is chosen by Eq. (7), Eq. (8) indicates
ing the imlosion is Just the difference £1-Eq, thac 6 is only a weak function of L. For small :L

and a kinetlc efficiency can be defined s the curve approaches 5OZ as expected for a static

£E . L load. The sinificsnce of 6 is that it represents
L - the minimum amount of energy that will bL dissipa-

,f * If L eff.ciency approaching unity ted when the switch opens (at least Z5Z for prac-° 13La. IfI- fiiny prahn nt

:an be real.:od. .hus, in general, to ;ct =st of tical cases), regardless of the characteristics or

:he stored energy Inco kinetic ener;y and maximi:e relative ni-e of the operations of switches Sl and

dfficiencv requires L o4L <<.L. nfortunacely L a S,. Conve:seLy it is the minimum energy available

is :yplcal!y fixed by consideracIon of power flow to use to actuate a dissipation driven switch. The
In :he lond and LL Is fixed by the convergence temptation is to develop a suitch which "requires"
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very littly tnergy. Figure 2 IndLicates that, for storage inductanct Is chose. fton E;. (7) to be

ox:mpla, for typical SII-th para e Lo - 5 nil 9.2 h ohe series output switch is soddled as a

and .'L . 12 nH, almost 40t of t:he energy loes into tize va.yin; resistor uhose value is I Mejoht pCior

the switch regardless of how clever the desiln. On to suitchin; tIxe t5 and changes to 0.1 i ,iohn in

the othcr hand, since disstpstivwly operated cur- 5 na subsequent to z A'he tcurrent I nerruptin;

rent In erruptin; tvitches ,sy require =r than switch i A resistance (T) which is varied, as a

the mIn.--- energy given by A, the fratction f of problmx variable. The apening switch Inductance I.

the inductIvely stored energy ranaining after typically take, as less than I nH but vill depend

svitching that is ccupled to kinetic energy is also on the switch geometry. The fuse Inductace uas

a relevant parameter. Using Eq. (3) and (C) Included In the bank ,xd of the circuit rather

r ellI I + L (9) than in the fuse branch because, vth the coaxial
I- Ls - o + 0 SHIV arrangent. 17 stores magnetic enert? :.hat

Figure 3 is a plot of the coupling fraction f. The is available to the load when switching occurs. The

plot shows that for realistic values of 3 n11L' 9 circuit ws subj4etd to numerical Analysis using
o 3 circuit solving code far A variety of t'1 proaftltt

5 nil and for LL - 12 nP approxi=naely half of the

energy rezinlng after switchin; is coupled to and t.m scales and for a variety of switch tins

netl: energy yielding !or thes parameters an over- Zs"

all Pke of 30t. From this simple analysis, a few T . 1esisante

design criteria erAmie:

i) .limin.ze LO, as much as possible, Assuing all the otored energy itransferred to

U!) taxin i: .'L, the inductors, the coupled kinetic energy should be

Ilil) Choose L -IL + °  570 kJ (30: kinetic efficiency). Chos.ng 33 clus

Iv) Deter-.ine the dissipaced avitch energy.
final veloci:y and allcving a 2.5 = final radius

.Numerical Results the foil mass and final L should be I0 S ks and

In this section, :he nuerical solution to a cir-

cuit simila: to that in -ig. 1 is discussed.

Values were chosen for circuit elements which cor- final value of R1 should be much :reater than 0.5 A

respond to parameters of the S11IVA-Z' capacitor to assure chat most of the cgrrent is floving in

basA systm. The 267 uF capacitor is char ed to
120 kV storing 1.9 11. The load is modeled as a

ti.e v.rying resistance, having the same !or= 35 sistance profile yas chosen (since other shpes

Eq. (2), in series virh a time varying inductance effected only a few percent variation in the kinetic

expressed by energy), changing R Ifro the Initial resistance

L(t) - Y in (R/r(c)). (10) (ai 0) at t1  2.A us (time of peak currant) to

The radii of the return conductor (chsber) and of a final teiminal resistance (R,). The switch dura-
the Iploding foil are represented by R and r(t),

respectively. The initial foil radius was chosen at rion (Lt) was taken as 100 ns to assure that Lt 44

5 = and the height at 2 cm by stability arguments. t ip, and R, was varied fro= 30 n.. to 5 i.. The time

The return conductor radius vas chosen at 17.5 c=

to give an initial value for the L of 5 nil, which

corresponds to Lo - 5 nH in thn analytic model. The tant at 2.465 us. Figure " shous a plot of the ki-

asspcion of 20:1 conversion leeds to a minimuz netic energy coupled to the imploding foil and the

radius of 2.5 =; a final value L, oi 17 nil; and a final velocity of the fail hen it had collapsed to

'L of 12 n.'. Thus from Lo and .L a value of the
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a radius of 2.5 =as A function of 2,, the fi'l of the series output svitch I., resulted In improved

swlc:h resistance. Us anticipaced the ki.necic 4n- efficiency and decreased dissipation of l ge values

.srgy coupled at lover values of 2, is lover than of Re. In fact the k.wickc energy approaches the

that observed at hiiher values. erhaps surprising 570 ki flux model value. fresmably uhen 2 is very
is che fact that uhen R, .. I peak nearly 90. of large (i.e.. 2, is large and at is fixed), the time

ct inetic energy predicted by the flux model 1. scale of current transfer is seriously effected by

obderved coupled I.n the numerical solution. But the 12 closing ti-e and thus results Ln larger die-

uhen , drops =re than an order of magnitude dipation in 11. Closing the output tvitch late in

%o 30 -I the kinetic efficiency decreases only the Incterrupcon may be expected to result In ex-

-.deraetly to 62: of the efficiency predicted by cessive energy dissipation LI the fuse and hence

:he flux model. This relatively moderate impact lover kinetcc efficiency. On the ocher hand, clo-

of reducing 2, can be motLvated by referring to sure of the output switch coo early may be axpected

Fig. S uhere the dissipative Impedance (ILD) and to result in lover voltages across the load and

II(t) are plotted as functions of cie for the case hence lover initial j, and perhaps result in longer
uhere , a 30 =I. TIhe plot shows that the dissi- implosion time for a liven load. Fortunately, from

pAtive par: of the load impedance 2. rises rapidly a practical point of view, the earliest possible

at the very end of the Implosion, and even for very closure time (after scatr: of interruption time)

modesc values of Re, 51. is lest than 9, for about appears most promising according to both the effi-

90 of the 1iplosion time. Although it ia also clency and Implosion cim. The 5 ns value of R2,

true th t =st of the kinetic energy Is coupled used to generate the data LA Fig. " is more repre-

lAt* In the implosion, it must be noted chat once sentative of practical multI-channel switches than

R, interrupcs the current and "charges" the load is :he less than I ns value required to achieve

inductance, the c.. scale (UlP) for current to flux model efficienc. The implication is chat a

z:ansfter back to 2, is much longer tcan the 30-60 '*low Jitter" output switch Is required IF large

ns for uhich the load I=pedance La higher than X. values of R, are achieved by the fuse. Figure 5

',auplin :o L is independent of R until lace in shows a plot of kinetic energy and implosion time

.he LmplosIon. and most of the necessary 4nergy as functions of output switch ciae for a case where

!As been loaded Lta L (which h s increased to 2, equals 500 =1. The implosion mass was I x 10"kg,

a Lmosc 1.a + L beforte L overtakes Af). Figure A and the switch opening time (1t) was 100 nas. For

also exhibits a fall off of tke above approximately reference, the fuse resisacnce prof#le is also

. A. This result Is perhaps more iurprising :han sketched. The figure shows that both kinetic energy

the relative moderate fall off at low 2,. At lar;er and Implosion time are sensitive to switch closure

values of 1, excessive ener;y is dissipated in the time. As expeczed kinetic energy drops and implosion

fuse durin; opening time thus leaving less energy time increases with latcer closing cimas. The Lmplo-

.n the magnetic circuit to drive the ipplosion and sion ti--e shows a tendency to flatten out for clo-

thereby explaining lower overall efficiency. The sure tc.es near the start of the Interruption

:ncIusIon .is chat, for lplosion parameters dis- (2.46 ton).

:ussed and for values of 3, chat are greater than

the initial L of the Load (a few millio-ms) but Openint Time

not much greater than the final L (one-hlf ohm), The simple flux model presumes chat the Implosion

;er for-.nce seems to be predicted by the siple is carried out in two sctps. First a current Inter-

~el wthin about 2O". Thus the crLter~a results -uption occurs, then an implosion phase occurs. The

• ,*. e anergy transfer is calculated on :he assumption that
a f Lpinch. Ltc) does not change during :he .ncerrupcion phase

0u:puc Switch Closure Time (i.e.. a static load). The numerical analysis shows

jas observed chat earlier "closing ties" (t s ) :har for t im scales of about 3/4 of the mplosion

t!-"e the opening switch is seeing a constant L(c)



ito within 25 ' before It starts Increasing rapidly. enarg level 2s kj) and the time scale (10 to a
It atso sl.ovQs virtually no change of kinetic energy fey hundred 6s) are not representative of theo be-
for ctie scales up to 300 ns which is very close havior of the fusing elexenL in svst s of lnters:

:o 75 Of the IPlo i n C24. For openin; ti=es up (2 M4, 1-2 us). The work most nearly approaching

CJ 0D n the loss of effclaeCy is less than S: these par&zetrs is that performed by the ,VVL at
and the implosicn timet lengthens soaeuhax: (fta% Ohe V,1 ki, 3-4 us level. I'rtliminasry work an a
450 to 550 net. 100 k1, 100 kV4 1.2 us systo hAs produced 15C to

200 ns fuse voltage riseci-es achieving final fuse
Iplosion .a su/Fia Velocity L:*sis:co values greater :ma. 160 as. The corres-

One aff Ic advantages of Inductively driver implo- pondito resistivity of ibouc 400 a:n-cz agrevs s3-

ston systezx is the fact hat at least In the sim- tisfaccorily with previous aplrical data and tie

ples: model the kinetic energy coupled is dicta- models usta in this paper. In this section the tz-

ted wnly by the inductance ratios and Is indepcn- sul:s of these efforts vill be examined In light of

dent of %hA -. plosion mass. This allows relatively the foregoing analyses an., circuIt calculations.

ude variatIons in final velocity to be achieved Figures S and 9 are extracted froa previous XJrL

0 ndependent of kinetIc energy and hence allows wrk and shlov current and voltage profiles for a

assessent of rhe effect final velocity has on the set of copper foil fuses quenchtd in glass beads

t e:alI:a:Ion process. FLgure 7 Li a plot of the for a variety of physical lengths and vidths uhlch

kinetic efficiency, final velocity, and taplosion =aantaiA a constant total fuse mass of 25 ; (for

:Ie as a function of Implosion mass. Ue plo: I al or .0254 ma thickness). For bo:h .figures thi

sous : hac for a lull order of sainitude change peaks occurring later in tine correspond to do-

of iploslon mass (5 x 10"s to 5 x 10"kg) the creasing lengths and Lncreasin; vidths. Based an

chan;e In velontiy is given by the anticipated precatding analyses the most promising choice or

110 factor ranging from 11.9 calus to 37.3 caIus. a fuse might be the fuse uhich produces the highest

.s expected thi Implosion time varies over a simi- storage current uhile still opening In times less

larly vide range associated with the changing final than (but not necessarily much less than) the In-

velocity. For larger masses and for mall masses, plogico time. It Is convenient to accept the ,Y.

the kinet c efficiency suffers soweuhat. ConsL- of the voltage pulse as one measure of opening tl-e

deration Of the circuit model shows that for the when resistance data is not readily available. From

large casses the long Implosion time leads to to- Fig. 9 it is apparent, as expected, :ha: :he short-

verse charging of the bank capacitance (because a eat interrupt lig is associaed foih I.he hgoest
relatvely large current is floring in the "poslt-vC peak voltage (=xI= i) but not uith the mxinuz

direction for a long time after current peak). The storage current. Thus compromise will be In order.

ener$y s:ored in the recharging capacitor is ap- For the purpose of this analysis It was cMsen to

proxi -tely 3 tines :he observed loss in kinetic discuss the maximum voltage case. The T)-1. of this

energy. For =.sl values of =ass the noVe dramatic case is 370 ns which is acceptable for driving a
loss results !ro= excessive energy dissipation in 400-450 ns iplosion.

.he fuse resistance caused by larger values of AI)D

at earlier ti.=es in the implosion. For scaling purposes we resort to FAlsonnier's ana-

lysis uhich suggests a cross-sec:ional area for a
Concentual Design fuse based on the parameters of the driving current

FInall., it is appropriate to consider the pros- and on the physical properties of :he fuse of inzer-

pects tor the success of a high energy inductive

storelopenin; switch systez as a driver for e prac-

tical i=ploding plas--& load. Significant data has s 2  V _ (11)
been published on the behavior of exploded foil I

fuses used as opening switches, but in general the where s - cross section of fuse (=), V - stored



energy (J), L * total syacte Inductance (1I). V - the direct driven implosion be complece In loss

c.ar;e voltage of capacitor bank (V), and ka - tmtn 1.4 .s, results In the coupling of approxL-

I t of parazadrs dsc:rb-ng the vAcetl~r (- 1.2 x xately 400 Vi of k-ntcic energy to the Liplosion.
L0 1 for coT.r;). Tor the data I- Tits. 3 ard 9, Tins performance comparti very favorably wich the

U - 2M0 %, 7 - 0 V, and L o 67 nM. 7us lq. MDX) -OOW kJ of kinetic enfrly Laplied in the preivious

would proidltct - 7.6 x 1079-:. The fuse La iues- indutxclt storage Analysis. The Advantage of the

tlon was 11 ta vide and I zil thick so chat a inductive system Is clearly t0A tixe scal* on which

.053 czta or roughly "0Z of t.hat predicted by the the energy Is delivered. The inductive system pro-

Xxisonnier oodil. Scaling up ard for a system mits 400 ns Lplosions or A fictor of 3 or *are

hart W - 2 .J, V - 120 IV, and L * 9.2 ni. 70. faster tha the direct driven implosions. At this •

of the predicted Area a i x* .32 C:. A copper point Lt appears t.C significant jai-is LI thor-ali-
fo.I I. i"Lck would than be only 1.3 a vide. acion And radicon are to be achLvod by this

Figure 10 shows a plot of Material resistivicy 0 mdesC reductioa in Implosion time.

vs s ptcifc i,%ir-y dissipated i-% the fuse. The xifdrinC41

fiuctonall relactonship between o and specilfL . W.L. akr, .C. Clok, J.I. Dgnan. G.T. KLuctu. 0
t..r;y is open to queslion but for simple ipproxi- C.1. XcCinahan, and I.E. Reinovaky, "tlectro-demagnic-Implosiou Cnericlon of ?ulsed HLh-

a.i:'-ons the e=pir~cal data Q r~. IS, uLlI be used. tEntr1-0eMnicy ?13uA," I. Appl. thys., Al,

1ecll'ng chat the previous anl*Lis ndicaced PP. 4l4-iO, September 1975.

tat 670 %i us be dissipated In the fuse, and 2. Ch. .Aisonier, J.. Linhatc, and C. Courln,

taking app:ox=.aely 6 iJ/ axa the upper limit of "Rapid Transfer of ? .snecic Enery by Means
useful Iptc~ifc 0.nry 4roM Tig. 10 ndIcACc that of txploding roils", Riv. Sci. Instrum., 37,

pp. 1350-1354, October 1966.

112 grams of =Aerial could be utLlftod. At a dn-

slcv a.f 8.94, l/cc and a crois section of .32 cm: 3 J.4. Oircc and L.C. lurkhard., "Charactaris-
scts of a cldntc Entty Storage System Using

this 1-plLes a use length of 39.2 ca. if it Exploding Toils", J. Appl. thy*., AI, pp. 3594-

reaches 4 =i-1- 
i resistivity of 320 -.%ca, the 3399, August 1970.

f-4se hiht is .32 Ca. x 39 c hasx % peak resistance 4. L. Thouassen, "Conceptual Engineering Oiesgn 0
From Fig. A a fuse with , of 63 l would for a Ont-CJ Fast Discharging Homopolar ?.sch-Lee for the Reference Thecx-ftich fusion Reactor',

.Ilvean Itln.osion to btlt" than 400 J of kinetLic Si-Annual Report -inl U2-246, August 1976.

r;y or 2: overall kinetic effcincy. One ust 5. R.?. Itendarson. D.L. Saith, and R.E. ReInovskic,

":oa c the Incerprc tilon attached to the data "fruliminarv Inductive Energy Transfer Expse.i-

in TI;. 10 Is conservative because :t resistivic =cncl"o ?apt: 15.1 i. those proctdin;s.

curie4 appears to be clearly scipening (not rti 6. C.R. VlClnahan, .1J11. Cofotch, J.H. Degnan,

.avl.-. reched :he plateau sstd in our model of S.M. !4nderson, 1.A. Janissn, and .. ValCon
"200 ilojoula Copper oil Fuses", Rport

N. 1h oct er hand Fig. 4 shows :hac uhile In- "-L-Tx-78-l30, Air Force Weapons Laboratory,

:reai2n; retillvity (or increassin R,) will help Kir!and A., , April 19;3.

o-eu th i =te ;inal ains are sall. Ls

conclusion, it appears chat simple ex:-.polaclon '
f already existing data leads to a conceptual do- W.

stgn for a fused opening svitch uhich can be imple-

-%enced on 4 2 'U syscM. The resulting plas=a .-

7Ls:n shculd be :o--pared Against :it uhich can

:4.2t i'ed by directly driving the plisms rcn 6L

:he 4zpxc1:tive energy storage. Using a initialI
lI'A load foil oc=ecr of 7 co radius and 2 c=

l.e!4hc. 2nd :euirIn; for 2tabili:y :easons that Fig. 1. PractIcal Cftcul: Represencaiclon.
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HIG AW 1 A1,1 M5XT M TIVI

. xa.st And . T. Clancy

Nava! Su:race Veapons Center

* lhlren, Virginia 22449

A~bstrac:t
A miniature crlipced spark svich deslgned to svtch electrode surfaces or blown lro-_ che systit
rtmea At high p:Ition races has been con- with sufficient gas !lov. It It dIfcultq howV47,

s:rvcied. .he device, Along with associated to provide n adequ =t rigper nechanI tO Cto .A

tigger ticistlry, has been Incorporated into a advantage of tht hich repetition race In ;pplica-

:I=pe L-C generator which produtes an oscills- tions uhich 4tuand preciion pulse spuclng. Singly

Zory discharge at a frtqutncy of 10 W:. -414 StiAe sVitch*$ of this type hevt gap spactngs tc

switch is operated In the pressure rante 76O more than a fev Ilts uhich mao it difficult Co

cart - 2.6 x 10 3 trr using commrclal dry design and implement a 'chIrd lec.reda" crig pr

nicreten as the workin; gas. lach brass anA of the trightmon type. The purpose of this paper

al i nu electrodes wsr€ investigated for re- Is to describ the operating characterastics of a

petitIon fretquencIes as high as 20 k~z and for siaple, high reptcItIon race, quenching spark

gas flow :acts as high as 8 C€31sec. ,he efftct svitch, under gas flow, vhen cornflured as par: of

of repetitIon rate on switch JItter and sVitch a asal hert:ian generator o the type descrIbed

breakdown voltage Is presented and discussed In by Moran and by others In this confernce 2 .

cerms of gas pressure and flov racte. Exim.ical

Figure i shov a croi-sectional view of the osil-

Intrauctean lator and the svwich. Tht device has cIrcular

High :pettion race ivltching In the region s)mtry and Is held together using several nylon

;reater than 10 k: :an be accomplished by bolts. The pressure collar io smde of plixlglass

:hyrAtrons, and In sont casts, vacuum gaps. And Is sealed to the svicch electrodes via *-rings.

tWnortunataly, these techniques often suffer from The electrodes are 1.02 ca In diascer, gIving an

JItt:r or inductance probltas. A quenching spark A/d ratio of approximately 50. In addition, the

gap. however, appears to be one of the simplest electrodes are removable for axsainacion of year

and =s: effIcient devices for this purpose, If and other electrodA effects . Tor our experi ents.

fast turn on and low losses are desirable. The we have investigated both brass and a lu=nun

general Idea of a quenching svitch is one which electrodes with 6 mils lap spacing.

has a large ( 10) Aid ratio and additionally, a The electrodes are provided wich a gas Inlst

small value of d. The quenching action is based iediately In the cncter of one of the switch

upon the fact that small plas=3 VOlUMes Can electrodes and gas flog outlet holes located

maintain good electrical conductivity in the small around the periphery of the other electrode.

gap spacing very soon after Initiation of the Figure 2 shovs a schemtic of the gas flow and

switch process. After the driving potential has pressurization scheme. Mnile we reali:e that t

bten removed, the s-all pasA-= volume can quickly configuratIon is probably not opeiz,- !ror a gas

recover. Excess thermal energ associated wi:h dynmic point of view. it offers minimum Inductance.

cae lap dissipation can be transferred to the a desirable characteristic for our application.
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r'iure 1. Coss sectional viv of ocilltor and suich,

nie akn; !AA used is tomercIeL dry nitrosen. 1-~f the charging voltage an the oscillator ro*chts

the high pressure cubing connecting the various it preset value, the Istpuls generator (IV) sends
components wlas constant difteter and all componants
wie placed as cloe to the switch an possible. Scope

A PA~sa pressure gauge vat usd4 AD calibrated 0 c

V.t an AcurAcy ot +1 psi% (51.7 corr). A late %V
AUscer flo aster uwe used uhich provided the

cipAbL1Lr-y for accurately measuring flow rates of + 1Lo
.i calfieC. & blItd valve vat used to flush both o0 .1. SIt
:he scLlacor and ps Lnes prior to operation. LO

Cas figure 3. SchuAecit diagram of th& osci~ltor

0 - 4 charging system And trigger arran;eents.

a pulse into the oscillAcor, rapidly ovarvolting

"--o the gap, and causing it to fire in a time short In

comparison to the IC charge time. 'The diodes, D,

are so Arranged to preven the. oscillator f ro dLs-

charging through the secondary of the impulse gin-

SOu erator transformer or alcerncively chrouth the

power supply. As a result. the energy from the

Ileed Lpulse generator ia added co chat of the pover
Valve supply so that no energy Is sced fro the tri;ger

F;ura 2. Schem.atic of the gas pressure pulse. The energy stored In the oscillator is
and !lov system. "latched"l In and can dissipate rapidly by firin;

Figure 3 .lluscracas sche=nciccily the system used svitch S or slowly leak off through the back

to :nar;e the "scilator and to provide a reliable resistances of the diodes.

:.Igger. .he oscillator capacitance, Co, (013 pf) T.e pulser Itself is a Vlonic model 350 vich the

a.s :rged through a variable charging esistor -c- output tr:nsformer modifiad to provide pulses as

m. m • m . • .am - . nm •a * - -
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high as 12 kV Into a -tchod load. ?:ror to hover, :he poco shovs mom 50 vents. TLfre

runin.the surtfaes vert ground flat and id shov chi tY envelope for the oscillacor out-

:e-allurg;.ally polished s described *lstwh*rt2 ,  put. The system impedance is about 3 ohs 'hich

Figure A susar:es :he operatlng chAracterittics ensures large damping constant (Q u 3) And

of the exrimn:. Figure a shows the voltage- PAxim current in the kLloamtere ranti.

.L:w history as provided by the main power supply The value of the chare resistor KC can be chosen

(top trace) a.d the output of the impulse ;*noracor 3uch that, At a given ,r8quency, mare chin 90' of

aOVte. .4Act). Figure b .llustrates the final the Snarly is providetd by the stain po r supply,

thereby placing very little Strain on the pulse

enrator. In these experiments, however, we did

not always operate in this made but held Ic can-

stant (1.03 .0 ) for convenience.

Discussion

Among the factors uhic, could affect tha bre.ovwn

voltaie in A Sys:e are pulse repetition rate, gaS

flow rate, Sao pressure, electrode saterIal, gas

species, and cime rate of change of the Crilger

pulse. In our experisents, ye varied the first

four of these parameters vhile holding the other

factors constant ;.o a -Irst approxiaAtion. For

the range of fields investigated (up to 260 Vlca)

(C) (d) varying the elsetrode material did ot appear to

Figure 4. Voltage-ttme traces for the Influence the breakdovn voltaie. Slight davla-

oscillator and svitch. tions were sometises noted but thes wtre wel
(a) Top trae is normal X charge for vithin the experimental error. The affect of

oscillator, 500 voltslcm, 2 Us/lc. bottom trace pressure on the static breakdovn voltage is v4l

is trilger pulse from Impulse generato; 1000 volcsl documented3 and our results are consiscen: with

cz, 2 =sIc:. Cookson4. However, under impulse charging and

(b) Sottom :r~ce Is normal RC charge for oscil- flowin gas conditions, the breakdown voltage

la-or. 00 volts/cm, .2 ms/c:. Top trace shovs (illustrated in Figure 5) increased up to a value

i-pulse charging of oscillator and overvoltage as high as 302 greater. then the static value and

which occurs as a r~sult of !=pulse; 500 volts/ slovly decreases as the pulse repetition frequency

ca 200 nslcm, is increased. At a pulse repetition frequency of

CO Superposition of 50 pulses to Illustrate 20 kIt, the firing voltage for the switch has

jltter; 500 volts/cm, 10 nslc=. dropped to a value about 2/3 of the static value.

%d) Output vtvqfor= for oscillator; 200 volts/ The effect of flov was minimal on the breakdown

C= 20 :s/c. voltage (over the range investigated) and In gen-

,--pulse char;e provided from2 the trigger generator. eral vas confined to pulse frequencies less than

Figure 4c illustrates the repeatability of the 3 kH:. Ue attribute this to the multitude of other

factors which could be active in deter-Aning the

wo define jitter as the mxi spread in switch breakdovn voltage for the gap (e.g., particulate

times as inragrated over several seconds or matter of a size comparable to the gap spacing,

several hundred events chosen at random. For this thermal energy deposited ir. the electrode surface

experiient, we routinely sampled 400o separate and gas, plasma in the gap due to previous dis-

trigger events to detcar-mine the distribution, charge.)



ht dff.ct o! (lam for both aauuLium and brass

electrodes wes to r4e the svitch operate 'ich
o 0 /Stae 1es1 jfrter Over the entire ranle of par"asatCS

o c=l1t AInvestigated. The decrease In j itter vat qitct
e d-amat' in brass. figure 6 Llluscratre ch

*.ffect of sam lov on the svicch Jttter for brata'

eleccrodes at atmospheric pressure. The values

i ven without lev shoimd no sysca..ic varltioh
:- . u.ch repetition irequency andt art at best esc.-

- macs of the miaxima jitter at te cime of oboer-

I.

• .;6, tO)n or r ,00 )le

1ox C(€31,33

0 A CM)lseRC

Fliyre S. Efect o! pulse repetition frequency

4d llcv rate on avtiate breskdovn volctge as I 50

a functian o! its !low.

At 4 constant ZIs 2ressure. withouc as flov,

strong =atrial Affects are present If the gap is too

to be operactd In a trigerd mode. For alumainuA

we could m.hiive stable t:ggered operation over

cit tnciro pressure ran5e invesciptad vih minimal

jittor In cte 2-S lki repection range. By contrast, 51 --

-e could only :chltve qussi-tcsblt operation uaing

brass *Uctrades. Table I sumarit:es some of the

lac. for Aiumlnu:. The ?.F at .rhich the jittar is

4 *in-'.u= Is oc vl de41 ined but extends some

I .,r 41: an either side of cha value quoted. 10 1S
PILV khz

.abla 1. Jitter Data for Aluzmium

Pressuro Avg V5  Flow Jitter min .Approx PRF Figure 6. Effect of pulse repetition frequency

10, kV CMn1he ka Hz on the -. -.. Jitter for various flov races.

. 1.30 0 a0 6 Electrodes are brass. Cas pressure Is

.76 1.25 , 10 3 .76 x 103 corr.

1.29 2...0 0 70 to en flow was initiated, the gap would run stable

.*? .0 0 6 uder any condition investigated in our 4xperlnen:s.

2.50 5 At atmospheric pressure, the min mum in the jitter

L. 3.20 a 0 1 distribution occurred at 3 klt: siilar to that

:0~ 1 .observed for aluninum (Table 1) and then slowly

.oO 8 20 increased up to the aximu repectIion frequency

investigated.
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The effect of pressure is equaly dramatic for Figure 3 illustrates 4 typical distribution of

constant flov rate. The trends are sizilar fo switch firings nor.alized with respect to the

Aluminum and brass but differ considerably in maximum in the number of switch events at a specific
absolute c..itude. Figure 7 Illustrates the triggering time after the impulse was applied.

affect of repetition frequency on jitter using These data were taken at a flow rate of 8 cm3 lssc,

brass electrodes f r several pressures. The flov PP.F of 5 kH:, and ataospheric pressure. The curves

rate was hoeld constant at 8 c=alsec. The increase represents soe .00 Individual events, taken at

In Ji:ter at higher repetition rates is probably random, over a period of several minutes. 'At

associated with the increased surface damage, distribution for brass alectrodes is approximately

lo:gr volumes of plasma still in the gap, and Caussian and the tx:rts agree well with the maximum

electrode heAtint effects which enhance field jitter as observed directly from the oscilloscope.

"- ssion. The minimm jitter occurs at lower pulse The results for aluminum were complicated, and we

repetition frtquencies as the pressure Increases. attribute this to local defects such as that shown

It %As been shown that the diameter of thi "spark in FLiure 9 which eventually grow to such an extent

discharge" increases with pressure2. If we astume that the gap is W.fectively shorted out. Wea did not

chat this diameter defines the amount of plasm observe similar failure in brass although runnin;

associated ulth a particular event, we can readily times of several hours were sometimes involved. !n

estimate the plasma volume associated with the general, alumiua failed after some 4.5 minuses with

switch at any given gas flow rate znd repetition a drastic increase in jitter and a decrease in

rate. This number is approximately uonstant at breakdown voltage, and in all cases a locali:ed

3.4 _&.1 x 104c=3 for the data shown in Figure 7. damage area was observed.

SiL.%Llar results were also obtained for aluminum.

300 1.00

*0 760 torr 0 CU zil
0 1 3xI03 tar 03 Al

300 a 2.6x10 3 torl

M

200

200 ..5.

5 -0 15 20

* PRF kh: Time ns

Figure 7. Effect of pulse repetition frequency Figure 8. Jitter distribution in brass and

on maximum svitch jitter for constant flow aluminum, pressure 760 rorr, flow rare

rate (8 cm3/sec) for various pressures. 8 c=3/sec, pulse repetition frequency 5 kfl.
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2. .. T. Clancy and .. F. Rose, "Surface Aging
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Aluminum and brass Electrodes", froctedings

of the Second IEEE Inctrn.ationas Pulsed fo"r

Conference, 1979.
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7igure 9. Failure :one on slualirum

electrode surfaca.

Su=arv

SLaple spark switches c.n be =ade to operate in

a trigiered cde for frequencies as high as 20

4Itl with a "ax-Ium of 30= decrease in che break-

down voltag. In so far as we investigated,

there is very Little affect of materials on the

aversag breakdown voltage of the svitch. There

are, however, larga mterial effects associated

with switch jitter which are probably due to sur-

face chetmstry and concaninaction of the working

das by particulate matter, blown from the surfaces.

Introduction of at flow greatly enhances sta-

bility 4nd often results in crders of magnitude

reduction Lr. switch jitter. The effects of gas

pressure are primarily to increase jitter at

higher repetition frequencies and rc lecrease and

better define the repecition f uency ac which

the nini-uz in jitter occurs.
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13.2

SURACE AGLNG IN HIGH PWETI&ION PATE
* ? SPARK SITCHES WITH ALUMINL AND BRASS ELECTRODES

H. T. Clancy and M. F. ios,

Naval Surface Weapons Center

* Dahlgren, Virginia 22448

Abstract

The surface aging of the electrodes of m-iniature surface coatings2,3 and crystallographic orienta-

spark switches (A/d % 50) is explored using tion An breakdowns in gases. It has been shown

co~mrcial dry nitrogen as the working gas. Both that even thin (% 10"7 cm) coatings can greatly

* brass and aluminum electrodes were investigated alter the breakdown characteristics. 11% systms

for aging characcerastncs using a constant gas demanding high average power, surface heating can

flow rate of 8 Cm3/sec. The gas pressure was easily induce chemical reactions between the worltn;

varied from 760 tar:-5200 torr. The switches were gas and electrode material. These reactions altr

constructed as an integral part of a miniature the sitch characteristics by forming brittle

* -C oscillator which has a ringing frequency of compounds which can lake off the netal surface

approximately 150 IfLt. The aging process was affecting breakdown voltage and jitter.

halted at intervals ranging from one to several In our laboratory, we are currently exptrimentinp

thousand discharges and the electrode surface with mall htrtzian generators which wst operate
examined with a scanning electron microscope. continuously for long periods of tire at pulse

repetition rates of 10's of kilohert:. In another

paper in this conference by Rose and Clancy5

switches were described which vere part of a simple
Introduttion oscillator with a ringing frequency of approximatelyThe problems of electroda ear are relevant to many 150 H:. By employing gas flow, it is possible :o

applications involving high-speed sqritching such operate these devices at high repetition rates (up

* as the relay systems used in tileco.mmnications. to 30 kdz) for long periods of time. The total

Previous work in this area has identified several energy expenditure may be hundreds of kilojoules.
mechanisms which govern the dynamics of the forma-

tion and subsequent growth of spark induced It is the purpose of this paper to explore the

damage . In addition, high repetition rate, pulsed surface aging phenomenon .nd wear characteristics
power systems are being constructed which e=plcy of switches of this type.

spark switches that must carry orders of magnitude Experimental Procedure

greater current and energy, These systems may use The basic oscillator has been described by Moran6.

different gases, electrode materials, gas pressures, Our only modification to this design was to provide

and gas flow rates to minimize erosion and resis- for symmetric gas flow and removable electrodes.

tive losses while maximi:ing switch lifetimes and In Figure 1, the basic oscillator has capacitance

• maintaining aceptable operating parameters. Co) of 33 pf and inductance (2L ) of .3 nH.
1 0 0

Co=mon to all of these devies are the fast tran- These values correspond to characteristic oscilla-
sient currents which can produce discharges exhib- tor impedance of approximately 3 ohms. The

iting glow and arc characteristics. Several oscillator is fitted with a pressure collar and

investigators have explored the effect of electrode flow system capable of flow rates as high as 80
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Loo

° 0

Fig. 1. Schematic of basic charging circuit

cm 3/sc at pressures as high as 11.A x 10 to cr

wich an absolute accuracy of 50 torr in pressure

and flow rates of .4 cm3155c. In the experiments

aimed at examning single discharge spots, RC was
chosen to give a time constant on the order of .2 Fig. 2. One-hal. of the L-C oscillator
scc. This value was chosen to allow the Sao flow ails was used throughout our experiments. Prior

to effectively cool the electrode surface and to the beginning of each z.. erimanc, the system
remove any effects due to gas contaminacion. A was flushed for several minutes with comercial 0
charging choke (3. ) was !nsersed in the charging grade, water-pumped nitrogen gas, which also
line to minimize radiation loss at 1501 z. For served as the working gas in the svitch.
these experiments, pressure was varied while Results and Discussion

maintaining a constant flow rata of 8 cm 3/sec. After a given experiment, the electrodes were
The oscillator was allowed to run at a low removed and examined for surface damage using an

ropetiton rate until several hundred discharge & model 1000A electron microscope. The specimen

events occurred. were mounced in the microscope holder in such a way
The experimencs to characterize long term wear and chac the bean arrived normal to the surface within
surface aging used the sam.e experimental apparatus a degree or two. The error introduced by speci=en
described by Rose and Glancy5 . A pulse repetition tilt was therefore less than the statistical spread

frequency of 5 khz and a flow rate of 8 cm3 /sec in spot diameter. The individual spots appeared
ware held constant while pressure vas varied, reasonably circular with fine structure around the

Figure 2 shows half of the oscillator wich those periphery which was pressure and energy dependent.

portions marked A and 3 serving as the electrode In each experiment, several hundred spark events
and oscillator capacitor respectively. The elac- were allowed to occur as shown in Figure 3 while

:rode surfaces were Initially levelled on a surface si=ultaneously monitoring the voltage level at
place with 0500 silicon carbide paper and were then which the events occurred. In agreement with the

=echanically polished using .3 and .05 micron results of Cookson3 and Coates at *1,7 several
alumina powder. Each portion was given a thorough discharges occurred before the breakdown voltage

:Ieanging in an ultrasonic bath with a final rinse reached a relatively constant value. In our 3naly-
using ethyl alcohol. sis, we tended to ignore small spots whichve

.Annular dielectric discs were placed between the attributed so breakdowns during the initial condi-

oscillator halves to determine the system capaci- tioning portion of the experiment. As can be seen

ance and gap sp~cixng. A constant spacing of £ in Figure 1, the spark events occurred ac random
c~nc and apsp~cng.A costan spcingo£0

0m
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on the electrode face Uich confirmed surface than in aluxin%= for the same input energy. This

planarity and the statistical naturt of the dist:i- is consistenz with a higher melting point and lover

buzlon of surface Irregularities responsible for thermal conductivity for brass.

* breakdown. Individual spots began to coalesce to Table 1. Sumary of Data for brass and

form a roughenad surface as the density of the luminuo Electrodes
spots increased.

st iressure 
Voltage Xnergy Damage AreaTarr x 10 3 kV Mi x 10-nS.7•, "> " - x :rxI3 I k

• CuZR

, ... 76 1.4 ,42 .61 3.23

1.29 2.5 1.35 10.50 9.98

2.58 3.4 2.50 12.80 14.10

3.87 3.8 3.13 16.50 16.60

5.16 4.8 4.99 17.40127.60
Al

.76 1.4 .4 .761 2.15
1.29 2.3 1.15 7.87 8.83

2.58 3.0 1.94 15.55 10.86

* Fig. 3. Overall view of aluminum electrode 3.7 4.1 3.55 14.81 11.40

after spark discharge. Gas pressure 5.16 x 5.16 5.1 5.52 21.

103 corr. Large center halt is inlet port

for gas. Table I sumarizes the effects of pressure and the

energy in the discharge on the damage area. This
For both brass (602 Cu, 40: Zn) and aluminum (99.91) area was taken to be the area of a circle whose

0 electrodes, we observed three different regions of boundary enclosed all portions of the central core

surface damage which could be attributed directly region, including filamentary traces. As the

to a spark discharge. Each individual spot con- pressure in the gap was raised, the energy assoal-

siscted of a central core containing most of the aced with the discharge increased with a correspond-

damage as evidenced by surface melting. cratering. ing increase in spot area.

and surface flaking. This region was surrounded

by a diffuse damage area which was described by The surface of both electrode materials contained

Augis at el
8 as the result of a constricted glow debris which spectroscopic analysis revealed co be

discharge. Surrounding these areas, we observed various mixtures of the parent metal. The x-ray

a dark ring which was most likely a product of analyzer on the microscope was incapable of detecting

thermal dissipation in the surface films. elements with atomic numbers less than twelve;

0 hence, we were unable to determine the exact con-
Figure 4 illustrates typical damage from individual position of the debr's. However, some of the

discharges, picked from the extrem of our investi- particles exhibited evidence of surface charging

gations. For both brass and aluminum, the spots in the electron bean which is typical of insulating

shown are on the electrode initially at system materials. Because the gas co=position was .pproxi-

ground. The damage on the side initially charged rately 99.9% N2 , we infer :hat these particles were

positive was similar and differed mostly in sever- brittle metal nitrides which flaked off in the

cy. It is obvious from Figure 4 that an individual flowing gas scream. The formation of such parti-

discharge in aluminum produces more surface damage cles is illustrated in Figure 5. Figure 5c shows

as indicated by melting, than it does in brass. a magnified portion of a debris field on a "fully

In addition, the damaged area is larger in brass aged" electrode surface. Both angular (insulating)
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0

Figure ,Typical dischar%* spots show the etffect of pressure on spot size and camage.

Electrode initially at system ground.
A. Altuminum 7.6 x 10 2  Ber . Aluminum 5.16 x 10] 3 orr

o.*. Brass 7.6 x 10 2 tory 0. Brass 5.16 x 10 3 tort

nd lobulr (pure eal) particles can be seen. progressively nard as the running tie increases.

t he device is allowed to run for thousands of this is consistent with the idea that hoc gas and

ihocs, the Individual discharge spots coalesce. debris, flowing outward irox discharges nar the

7,3 txa:ine this phenomenon. we ran sanplas in the center, enhanced the probability of breakdown

Asse-blv described by Fose and Glancy5 using the towards the periphery.

experi=ental para=et~rs described previously. Figure 6 Illustrates In both brass and aluminum
hse para~ecers permi:ted roughly 5 dschares o the surface details of long tetm aging under flo.
accr before he as as swept from te switch. For hese photographs, the pressure ws one t=o-

7ar shor: zi=es, individual pots could be dison- phere. Similar structure was observed for higher

;uishad and -jere similar to those in Figure 3. As pressures with differences only I.n the degree of

:he numaer of Rscharges increase. spots zerge to da-mage.

.rm a mtled surace, beinng first near he The area :o he right in igure 6a is the rea

;ucar rim 3f :he electrode surface and moving L::ediacely beneath the flow Inlet on the apposite
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A. B. C

Fig. 5. Views shoving flaky mechanism responsible in part for electrode wear.

A. Interior of a discharge spot aluminum
3. Interior of a discharge spot brass
C. Debris field after aging brass

elkcaroe. As one moves out along a radial. chs copper and zinc are228O007 and IISO°K. The melting
discharge density Increases until individual events point of brass is Me73g. Mhile i: is Impossible

are eA longer discernable. Figure 6b is a higher in our experiment to obcnin a direct measurement

magnification photo of the transition region of the temperature gradient near the electrode
between single spots and the eroded outer portion. surface, others9 have estimated the surface cemper-

This region is also characterized by considerable acures to be as high as 6000°K in similar experi-
debris of the type shown in Figure 5. Figure 6c aents. It is therefore reasonable for the tvo

and 6d illustrate in detail the heavily worn constituents to separate, due to the loue: boiling

region. Surface :lting and further erosion by point of zinc, and for :inc to =i;rate to the

both metallic particles and compounds is obvious, cooler regions of the electrode which are obviously

Due to extreme temperatures ovident Sn Figure 6, in the transition region and along the outer rim.

x-ray emission spectroscopy was used to determine Similar scans of al inum failed to reveal anythin;

the chemical composition in various regions along but aluminum due to the purity of the material

the surface. For reasons mentioned previous, the involved.

analysis is confined to elements greater than atomic A surface profilometer scan is shown in Figure 7.

number 12. In Figure 6a (brass)l the intensity of The surfaces appeared remarkably uniform and

the emitted x-rays. in the area beneath the flow showed surface irregularities on the order of I =il
outlet, associated with the copper and zinc, was even though hundreds of kilojoules of energy were
in the ratio of 1000:500. A separate scan on a dissipated in the gap. The scan was measured about
piece of the initial material confirmed this to be a line Joining the center region to a point on :he
the intensity ratio of the brass as received. In periphery at a similar elevation. A scan such as

:he transition region shown in 6b, the intensity this presents only surface topography.

ratio changed to 1000:700 indicating a substantial Suarv

increase in zinc. In the heavy wear region, the
intensity ratio was 1000:350 indicating a depletion tle have examined the surface aging characteristics

of zinc. In :he region along the electrode of spark switches operated at an intermediate

periphery the Ltensity ratio returned to 1000:700 repetition rate and under gas flow. The damage

indicating zinc rich. The migration of :inc out produced by individual discharges was found to be

of :he system was confirmed using color photography. a strong function of pressure and energy. As the

Free copper could be seen on the surface in the number of discharges increased, the spots coalesced

heavily damaged region. The boiling points of to form a mottled surface with irregularities on
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. T. L. Stankavick and V. C. Kalinin, *E!!dct of

of tltczredt Cathode Surtsce State on the Dielectric Szrdnegh
of Cases and Liquid:", Soviet ?hvs,-TechnIc€l* I em~ ~r~c~nn hysics, Vol. 1i., pp. 949-954, Jan. 1970.

e olectrode surface 5. .. T. lose and .. T. Clancy, "High Uepati~ltv

at Minia:ture rgedrt Spark Switch".
?rocttdinls of the Second IEE Innatiaonal

Pulsed Foer Conferinct, 1979.

6. S. L.. Moran, "High Repetition Race L-C

Oscillator'" EEE Conference R cord of

T hirteenth Pulsed tower Modulator Symposiuz,

pp. 21-259, 1978.
7. 1. Coates, J. Dutton, P. 4. Harris, "Elic:ricsl

I Inch *10,000 AO reAkdovn of Xitrogn at High Electric Fields",
P- °rot. I , Vol. 125, pp. 155-162, June 1978.

(vertical scale) 8. J. A. Augis, F. J. Gibson, and E. U. Cray,

"Plasma and Electrode Intersctions in Short

Fig. 7. Profile of brass electrode surface Cap Discharges in Air: Electrode Effects",

After aging for 30 minutes at a Inc. J. Electronics, Vol. 4, pp. 315-332, 1971.

pressure of 2.58 x 103 torr. 9. A. E. Guile, 'Arc-Electrode Phonomana", Proc.

ZEE, IEE leviews, Vol. 118, p. 1132, Sp:.
the order of 10. of the gap spacing. The primary 1971.

erosion mechanisms were the formation o! metal

nizrides and metal particles a fev microns in

diameter. The erosion characteristics for brass

are distinctly differenc than those for aluminum

due to thermal Induced saparation of the

constituents.
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I- ?I=.:. 0. Serrac, And T. 1. luck*s

Texas Tech Univrsity
High VoiageP/Fulsed tover Laboratory

Lubbock, Texas 7409

Abstrac. conscrucced of sattrial ith lov meLting points pes-

'ho eroslo, characteristics of A spark gap with farm best c ,v currents Il, high melting point
parallel-pla.ne electrodes art 4-maermnd at atos-
pheric And vacuum pressures. Eros.on as a loss oi miatrials perform best at higher currents.
electrode . e-rial Is nasured -n a range Irom 200

1000 Ampers. The severicy of electrode erosion
is found to be related to spot formation, sviching Tst Circu lt
rates, meltIng point of the electrode, pressure, The spark Sop is triggered by ovtr-volting Lhe tap.
and gap length. Erosion values !or a pulsed cur-
rent are given for al.min m, brass, anid caboa. The circuit is shoav in Figure 1. The outpuc of

the puae lm ator consists of a velL-defined tec-

tagular pulse so that the anode and cathode are

T easily idtlf.Oed. The pulse I 8is 20 croscoda
tumally rlamted in o ar ta o t t i long and has a rise and fall tame of less than I

yicrosecoc. A Type Z pulse forming network is
eroson characteristics of the material used in the used to shape the pulse sad ha a characceristic

2ap. Very Ittle information is %.tailable on ero- Impedace of 12 ohm.I

sion of tlec:rode material under repetitive pulse
perarion. he priner objective of this tesearch A thyratron is used to svitch the voltage across the

Is to ather data i- an effort to determine iec tsti gap. 1.hen the gap breaksa dcv, the1 rajor par-.
.zharac ris tics of electrode erosion under rep- dnm of the emerly stored in the pls. formin ner-

rated, square pulse operation. he tests vre con- ork is dissipated In a copper sulfate soluton re-

uczad at boah atmospheric (760 tort) and law sisrr Asa high curent tests are conducted. a

t*SOu) pressure and for peak currencs of 200 to 2:1, ransfcrer Is Inserted in the crcuit ashovn

ICOO anperas. The rep-rates used for these casts u re 2. This ce circuit is capable of oper-

ere 10 and 50 pulses per second (pps). The mtne- anton up to 500 pps ad peak currents of 2.5 kIlo-
ri'als studied ere alumnum, brass, and carbon. nope sing the step doun transformer.
The rest gap was over-volted by a square pulse,

so that anode and cathode were well defined (no .

ringing discharge).

It as foud that spot formtLon, tAlting point of

the zcaerial, rop-rate, pressure, and gap length

aftc:ed elec:trode erosion. At low currents, the - ' .

zathode Lfldergaos A destructve process while :he

Anode Is not significantly affected. As the cur-
renrt is Increased, a transition occurs in which the

anode begins -o erode. Ac high current, both cach- Figure 2: Spark gap tesc circuit
ode and anode erosion is measureable. Electrodes "rth pulse transformer.



Electrode Tear Tixture £rosietoz Risul.s
The test fIxture ued to hold the electrodes Is Tha erosion results have been, norr4liWd with re-

shown 14 Figure 3. This fixture coosIs to of a spat- to the eleCtri charge transfetrd Xnd At*

quart: glass cvinior that is held in place be-tveen presented ta in grsm, par coulo'-b Versus peak currae.

two AlInum end-places and is vacuum tight. The In Fi$Ures - thru 13. 1T electrodes verf chan|id

aode electrode Is held In place by a fixed copper. aier each test In order to have a fresh surface w.-

collc:. The cathode i* also held In place with a posed.

copper Colle'; however, it is free to Nov on a.

aluminum shark. The gap length betveen the sample Figures I o 7 shoy the erosion curves foralustlm.

telctrodes may be varied with the use of a mcro- brass, and carbon. The elec trode dLameters and gap

mater located on the exterior o the test chamber. lengths wore 0.73 UK. The spark gap was Operated

Pressures as Lby as 20 microns may be maintained at asmspheric pressure with a pulse race o l0ps.

within the gap by using a mechanical roughingpusi. No atcept was made to .low gas through the gap.

These curves show that cathode erosion is present.

for all maerials for the lover range of pulse cur-

rent (e 250 A) vhile the anodes show no measureable

wear. Aluminum and brass have anode erosion ttzrt-

In& around the same peak currei. I: would see:

that *node spots begin to form Around 2.50 A. AnOde

* and cathode erosion follow the saim general trend

Figure 3: Spark gap- until a plateau is reached. After the erosion

curves flatter., the cathode erosion race decreases
Electrode SAMPiS while the anode erosion rate increases. This cath-

The electrodes consist of cylindrIcal rods arranged ode behavior may be related to the difference in

end-to-end In a pArAllel plane eoaet.y. The ends energy deposited in cathode and anode spots. 3 nate-
of the electrodes are machined smooth. Before the rial frou the anode appoars to be collecting an the

electrodes are weighed, each is ultrasonically cathode. One reason the cathode may accept anode

cleaned to remove any foreign material, material could be in the time required for the

electrode spot. to cool. The cathode recovers in

A %-v7 critical parameter related to electrode ero- microseconds while anode spots cannot cool 1n less

slon is gap length. I: has been shown chat the than a millisecond, so the anod& may evaporaterate-

anode erosion is pro~iortAonAl to -, where L, d, r~al around a thousand times longer than the cath-

nd I are gap length, electrode diameter, -adelea- ode. hus, the cathode te=perature Is lover than

trade current, respectively. 2  In order to insure anode temperature and the anode material will con-

chat variations in Cap spacing are inii4zed, the dense on the cathode. .cerial was observed on the

gap length was adjusted periodically to equal the shank of the cathode in most of the test cases.

electrode diameter. This ratio of the gap length

to the electrode was maintained throughout most of Another explanation for the decreases in cathode

the costs conducted. The electrodes were weighed erosion may be in cathode spot division, where the

on an analytical balance that allowed weight loss number on spots have been observed to increase with

to be deter -ined to an accuracy of 0.1 mg. During current.5  Spot division decreaes the current den-

a typical erosion test, approxiLacely 30 coulo=bs sity of the individual spots. Figure 14. illusrams

of electric charge were transferred by the gap and the current density of spots as a funczion of cur-

:he gap spacing was adjusted after 15 coulorbswere. rent for copper.6rentforcoper. This graph closely reserb) es -.he

transferred. cathode erosion curves for alu--in and brass. The

current density of spots appear to have a direct
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b on en M lec,,'ctroda rosion. it is nat knwv whether the desc ctiva electrode

processes of *A arc art dimLnished as lip l,%r,,, is

CA-zbn has an Interesting trosion curve U that decreased or that the elic-r:es si ply collect

the cahod€ eros'.on rate 1i cniCtAnt for All Val- more ejecced macat-ral. Cap length anA electrode

u s of curent lvst1aetd. ,e and4 dloes cot dametr play an tarorcAnt pact in electroaj ero-

Shov any ;essurable wear. Further study is re- sion; and, by mximizing electrode dLa r .4 and

quirad to 1e(Zne the conditions faor anode rosion. Inz i gap length. the race of erosion can be

the =cting points of th. electrode materials are

Sfactor on cathd e Crosion at different pulse The pulse repetition rate at vhich tN* test tap is

curents. TLgure 7 coares the cathode erosion switched has proanouced affect on Cathode trosion.

curves for aluinus, brass. and carbon. Alu&L- Ueerring to Figure 13, it Is seen that the aaxl-

ntx has the lovesc :mlcin point of the vAterials Mm cathode erosion point is sbifted from a peAk

tesed and pe*;or*m best At currenr.s u to 500 A. current of 500 A at 10 ppe co a peak currint of

CArbon, uhich has Ut. hilhest malcing point, arame 300 A at 50 pps. This shift of the cathode anr-

Almost Laoe 31 ouch as aluminum in this region. sion cur-e may be ewplaved by th.e fact chat ore

After 300 A, the brats cathode *how% better era- energy per unit time is deposited At the cthod4e ac

sin reslsmace than aluminum. ,he cest result 50 Sp than at 10 ppS, and the averae cathode

for carbon (Filurt 6) shows no measurable anode temperacure inctases so that the cond-esation of

utar And Illustrates the desirability of a high saode material decreased. Tor constant pps, the

taltIng point material for the anode electrode, cathode erosion of brass shows lIttle difference

berven atspheric and vacuum pressures and It as-

Fi;urcs 8 thru 13 compore the erosion characceris- umsed to be the saw. T4he erosion rate at ¢he

tics of brass at atosph4 c and vacuum pressures anode is relacively unaffecced by different pulse

alon; with different rep races sad lap Lengths. repetition races.

.. eleccrode diamecers and gap lengths te

changed to determine the erosion dependence on lap Operation of a spark gap at vacuum or low pressure

length and tlectrode dia.eer. Comparing Figure 5 has an adverse affect on the erosion race of the

to Figure S, ic is seen chac the erosion rate for Anode. ile pressure In '- gap was adjusted coap-

brass is Increased by a factor of can uhen the gap *rate below the ?sachan oizAu for all tests con-

Length an elec:rode disater are Increased (from ducted At lv pressure (sa Reference 7). Compar-

a 10 "$ Scb at A gap length and tlectrode diamce ing Figure $ to Figure 10, Itc is seen thaec here is

f 0.:5 = to V 10 "4 g/cb at a gap spacing and an Anode erosion null for vacuum at a peak current

elc:rode didaeter of 2.5 =). he gap lengch was of 700 A with a pulse repetition rate of 10 pps.

adjusted to 1.0 =n with an electrode diameter of The same is true for the anode at vacuum with a rep

.. 5 = and the erosion results are displayed in tara of 50 pps, except the anode null occurs ac a

figure 12. .he race of erosion is dramatically peak current of 850 A (Figure 11).

;ec:easead tfrom V 10 "- g:/cb ac a gap length and

electrode diaeer of 2.5 = to c 10- 6 gnlcb at a Figure 9 shows a reduction of anode erosion at at-

Sap length of 1.0 =a and anelectrode diameter of nospheric pressure wirt a rep rate of 50 pps; how -

2.5 =-. In order to verify these findings, a ever, it is not nearly as great as the anode aro-

japar Insert was placed In the cest cha-ber co sion decrease ac vacuum pressure. Erosion races ac

;:l.-eAt ejected electrode macerial. Visu.%l obser- low pressure require more InvescigacLon toexplain

acioon indicated chat collecced macerial was less the decrease of anode erosion.

C 3a 3p length of 1.0 = than At a. gap length of

-. 5 = for the same total coulo-bs transferred.
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C"'!1uslon ou-Snrm

The results of this study clearl-! indicate aconsid- 10- Elec.ode Dia.ete-- 0.75

arable variation of electrode erosion, both IntAg- Pul a Length; 20 S

nitude and character, as a function of pulse cur- Rep Xk-. 10 pps

rent baleuy 1000 auperes. Spot formAtIon is an I-- Caode:

po::ant process In that erosion rates of the - [e-
sptcc .vt electrodes vary vith the form.tion of

these spocs. i ting points of electrodesaterial; 0 •pa
App length and electrode diameter, pulse repeation 0 51.0 1000

Tact$, and, to a deree, gap pressure Affect alec- Figure 4: Erosion curve for altu 'n=

trod* erosion. From the ,indings of this study, -t at ar.osvheric nressure.

is suggested hat for spark gap construction: 10- U

1. Choose a high melting point material forthe c Ean.ode. El£ect.-ode Diamete-: 0.75 .

Gap Length: 0.75 =
2. .inimi:t gap length or separation. Pulse Lenoth: 20 S

3. .AxI..I:e electrode diameter. Rep Rate: 10 pps

Cathode: ......
4., Optimum cathode material tisries wiith peak 5. Aode

current. . .aerials vith low melting points j..
perform beast at lover peak currents, while,
high melting point materials perform best -'
at higher peak currents. ,f , ,.a.

S. Pulse repetition rates primarily affect the A . 1000
cathode erosion rt (10 to 50 pp).gue 5: Erosion curve for brass a t

6. Pressure pr.IrIly affects the anode erosion at.osteric pressure.
rate.

It is necessary to be able to predict erosionractes 10 .  Electrode Diae-ter: 0.75 nn

for design purposes. Although the results of this co Gap Length: .75 nmn
10 Pulse Length: 20 S

paper are for a limited range of operating pares- [ Rep Rate: 10 pps

tars, these findings may be helpful in reducing the Cathode- ......
No Anode Erosion

severity of electrode erosion in som applications 5- .. Erosio
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Electrode Diaeter: 2.5 =
10"4a Gap Langth: 2.5 =- Electrode Dlaxeter: 2.5

10 CS pulse Lingth: 20 S 10-6am Gap Length: 2.5 =
Rep Rate: .0 pps 10 cs Rp lute: 10 pps
Cathode: ...... Cathode: ......
rAnode: Mode:

0 fl 5o0 0Qo~ 0 '1, ,
0 500 1000

Pig4uca 5: Erosion curve for brassA atmshrf 05010
pressure. titupr 12: Erosion cumv for brass vi~h a gap

Idagth of 1.0m at ar.ophe:rcpr.ssurs

104 Eectrode DLameter: 2.5 ma

10 c_ ap Lnqt.%: 2! :=10-c P ulse Lensth: 20

Rep Rate: 50 Pps 10"4 cm Electrode diameter: 2.5
Ca.thod: ...... 10 EF Gap Langth: 2.5 rm
Anode: Atmos:,heric Pressure

I Cathode at 10 pFs:Cat.hode at 50 prs: ...

7L1",e 9: Erosion curve for brae at atmospheric . peak
pressure.

figure 13: Coaparison of bras. cachode erosion
_0-4.3 Elactrede D =aeter: 2.5 r races for differe, vicchint races.

co Gap Length: 2.5 rm10 ulse Length: 20 S

Rep pate: 10 pps ldC ,
Cathode: ......
Anode:

0 Sa0 1000 I
FLqura 10 Erosion cur.e for brasv at vacuum pres- 0

sur. 0 60 120

Figure 14: Spot current density versus conducted
o a - Elecrode OiDiA.ter: 2.5 rM peak cutrent.
-0 "E Gap Length. 2.5 r n

O.ep Rate: 50 pps
Cathoda: ......
Anode:

o00 1000"

Flaure !I: Erosien curve for brass at vacuun pres-
sure.
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13.

L0NC-LITE 11ICH-1 EMITION-RATE TZCERED SPARK CAP

HUROLD WIATSO

Alileaearch Vanufpcturing Company of California

Torrance, California

Abstract

A forced-air-blown triggered spark gap (TSC) switch Complete system studies for a switch system chat

system capable of high repetition rates on a con- will meet these requirements are described in the

tinuous basis as vail as a TSC comparative study is final report on this contract (Ref. 1). Spark gap

described. The system consists of two TSC's, each switches have been used for many years for a variety

discharging its own 30-ohm pulse cable into a common of switching applications. Many types have been

load. The system was operated at 30 kv, I kiz, for developed, each with its particular good feature,

39 x 106 shots with erosion rates of approximately but none that would meat all the requirements of

6U ug/amp-hour. Each TSC diecharged 0.423 joules Table 1. In these contemporary systems, the power

in 60 nsec (IM) per pulse. The switching losses being switched is not as high as many high-powered

were about 28 percent of the stored cable energy. systems; however, the requirement of swit..hing up

Calculations indicate this can reduce to 14 percent to 50 ka and lese than 100 nsec pulseu, with low

by optimizing the TSC design and surrounding air jitter at 1 kz with a switch life of 5x0 8 pulsar,

channel insulation for a more uniform E-field. is a relatively new requirement that has received

Test results indicate a multielement assembly cap&- little attention. The requirement of long life

bl of switching 50 ka or more 40- to 100-nsec dictates that the cloeure di/dt and charge per shot

pulses at I kil: from 50 kv for 500 x 106 shots per svitch must be low, which means that many swit-

vithout gap adjustment is feasible with this con- .eas are needed for the 500xi0 6 shots, and thus it

cept. The work was partially supported by the U.S. follows that they should be small on the final

Energy Research and Development Administration under assembly is not unacceptably large. The system

Contract No. E-77-C-04-4048. study indicated the closure time requirement of

20 nsec could be realized with small TSC's oper-

Introduc:ion stint at I atm of air. A higher pressure will

The objective was to develop TSC's that would work decreasQ the closure time but it will also decrease

in a small-scale multielement spark* gap switch the gap spacing, which will make it more difficult

system to show the feasibility of a much larger to realize the 500 x 106 shot life requirement. For

switch system. A full-scale system is to furnish example, if the gap spacing increases X percent for

pulse power to a KrF laser. The specifications are 5 ca, it will increase 2XX percent for 2.5 cn, all

shown in Table 1. else being equal.

TABLE 1

TRICCERED SPAMK CAP SYSTEH PERFORHARCE SPECIFICATION This paper is iimited to describing the development

Voltage 50 kv Jitter d_0 nsec of the TSC's in a small-scale pulser to demonstrate

Current 50 ka Di/dt 2xl06 a:p/usec the feasibility of the large multielement switch

Duration 5100 nsec Inductance 20 nh system. The merits of various basic spark gap

Frequency tl kH: Closure time S20 nsec sitches are described as they relate to this appli-

Life Z5 x 108 shots cation. Small size, low switching losses, and low

The words sparks and arcs are used intercbzngaablY. erosion rates of the electrodes and trigger were the
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.ain factors in selecting a suitable switch. The
performance data described Include maximum frequency OTES

h1.5 .S CAIA 9L(UMMS
as a function of cable voltage and airflow, erosion CPuTr UNIir FIELD

i2 Po OuC(siry or A14 ATrates afcer 39x106 shot test run, as w*Ll as Jitter I ATM XPN

an a function of cabl voltage. I.at anYr Itn4s

C-,mparison of Basic Spark Cape I
The requirements of small size, low closure losses, $ /N (SL[CT[3 TSCI

and I at. of air in the gaps tend to be mutually

exclusive coaditions. Small electrodes tend to 71
have high field enhancement factors (f)* and large SINGLE AM ' IT

sap spacing, therefore relatively high closure j X I

losses When operated at I atm. IW . IWIT4

A closure lose compa ison is made of two paraters

On four basic spark gap switches as a function of - --

gas (air) densities. The four types are (1) two

spheres forming a single arc; (2) three spheres in . - -

a row forming two series arcs; (3) three cylinders

formed In the manner of rungs of a ladder, forming 01

two series arcs; and (4) two electrodes chat form 0/4 DoNsTY AATIO

a uniform field gap (UFO) and produce a single arc. Figure 1. Closure Loss as a Tusevion of Gas
U.ben two arcs are in series, the two Sop spacings Density for Different TSG Configurations

are calculated Independencly. Then the sum of the

two spacings and the average voltage across the two S ILE MC vITH SMSs

gaps are used to cAlculate the closure losses. The NtOT
rationale is that closure time is a function of C 1.5 PT CUNIA LICTEL(,-- ICIPT' UMIFOM FICLC

7 0tAL CAP SPACING , CJM
joules per unic distance of arc channel and time. 5. o0 a s 0chiOAR AT

Therefore, two series Saps would close in approxi-IAT P

mately the same manner as the single gap if all IO W

other paramieters are identical. In each case the )<(zUtto Tni)

overall static breskover voltage (SBY) is kept ' .
equal to 1.25 x 50 kv - 62.5 kv to be rated at

50 .v, and 30 ohms was used for cable and load SINGLE MC WITH wIroM FIELD

impedances. The electrode d1ameters are all kfpt t MS ViTh CYLtIOCAS

at 1.59 cm except the uniform gap (UFr). Fig- 1 2.o

ores I and 2 show how the gap and closure losses Ma" CE[Slry AATIO

vary as a f*unction of sa (air) density. Figure 2. Gas Spacing as a Function of Gas Density

for rifferent TSG Configurations

Switching losses and gap spacings are estimated by
equati.ons derived from the work of J. C. .. artn

These equations are shown in the Appendix. Equations
(Refs. 2 and 3) in :oojunction with f's from Ref. A. 1 and 14 were used tO calculate these curves. The

following examples show how the gap spacing and f's

compare at 0/o o - I for the single arc and the two
f Is the ratio of maximum electrical scress co series arcs:

overage electrical stress just before turn-on.
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Single Arc C) These loss calculations when compared to sitple

S - 5.0: cm .vom Equation 14 on-stcat voltgte times current during a 0O0-nec

f - 3.74 from Equation 13 pulse (or less) indicate the closure losses are

Two Arcs so much greater than the on-state losses that

S1 + S2 - S - .09 = (calculated for S;, then the on-state losses can be neglected in favor

$2, then summed) of reducing closure losses.

.I - 1.72 Issed on conclusions from the above comparison, the

(I - 1.16 basic type of TOS best suited for this application

where utilizes the three-sphere arrangement; * practical

V2 o 50 x 1.25 - 62.5 single arc TSG is shown in Figure 3. This results In a form of

. 301 1 X 1.25 - 41.67 long gap, two arcs offset sidplane (Wl) with prespark to generate UV
, SO 1.25 - 20.83 short gap, two arcs prelonization to minimize jtter. This basic type

Emax - 46.7 Ion& gaps, 42.28 short gap, from of TSC has been i use for some time; however,

Equation 12; note 6- 1 for long gaps and generally the idplane Is configured as a flat disc

* - O.b for short gaps; see figure 3 of or bar, which would not result in the lowest f since

Asf.3. they have dissimilar opposing surfaces. The uidplant

Soc the difference in S's and f's between the two not only serves the purpose of acting as trigger and

switches, voltage gradient rletmnt but it also shields the UV

presparker pin from the main arc for longer life.

Several conclusions can be drawn fo. the data pre- o^CO

sented in Figures I and 2: , .

(a) Most importantly, because the diameter must

be small, a voltage gradient device is necs- : C .-tt

sary at I at* to keep the total gap distance 01 tn.) c iC

ciall and therefor to keep the switching P ;! :

losses reasonably low. I A

(b) The gap spacing in the UFC, Figure 2, is

approximately equal to that of the selected

T'SG, and J1 Is as low as is possible at I atm lC-TI4Ol

for a I-gap UFO, as well as the selected TSG.

() It can be seen in Figure I that the closre Figure 3. Cross-Section View of Selected Triger

losses of a single spherical arc gap at I atm. Spark Cap

with a diameter of 1.59 cm are quite high and

in fact the density has to be increased to 3 The scatic-breakover voltage (SBy) of the long tap

at= (not shown) to reduce the losses to approx- was designed to be approximately 2/3 and the short

Inacely equal to the first two types. gap approximAtely 1/3 of the overall S'. of both

(d) The two-series gap cylinder configuration ha gaps for the lowest jitter condition.

the lowest switching losses at /AOS2. Depend-

ing on the length of the cylinders, the life The Wl and electrodes were machined from Mallory

could be made very long because total effective Elkonite type 10W3. This is a relatively inexpensive

arc surface could be quite high; however, the contact material containing a sintered mix of 75

trigger requirements would be higher because percent tungsten (W) and 25 percent copper (Cu) by

the trigger capacitance would be greater and weight, 58 percent V and 42 percent Cu by volume.

also the size would be larger than the spheri- As mentioned above, this basic TSO is not new and

cal mid-plane TSG. how it turns on has been described by others (see

Ref. 1).
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Setup and Test Results Figure 5 shows the Air velocity as measured right

The pulser test bed consisted of two of the newly on cop of the air channel. The fixture was

developed TSG's, each discharging Its own 30.4-ohm originally designed for two TSG's side-by-side

pulse cable Into a comon load; a dc resonant but because of arcovers betwe*q the two TSOs,

charger was used to charge chi cables In 67 usec; oae was rasoved. This left a large space in which

this plus an additional margin of 83 usec allowed much of t-e air could flow. Though this decreased

85U wsec for the TSG's to recover at I kIz. Due the air to the remaining TSC, the I kHz goal was

to higher than expected core losses in the trigger reached; however, it does suggest that with the

pulse cransformers, the overall rise time of the proper air flow the pulse rate could be higher. 0
tri ger pulse Vas much longer than expected. Despite Figure 6 shov a side view picture of the TSO

this, the Jitter was in the range of 3 to 4 aeec and load assembly. The TSO's were operating at

peak to peek, uhLch suggests Jitter in the range I kIz when the picture Va taken.

of 1 nsec could be expected with adequate trigger

generator redesign. IFOr W[ A 114-

Figure 4 shows a side view of the TSO used for

test in the air channel. One SO is mounted 12

Inches above the other in the sam air stream.

Note there is an opening for air to circulate

through the MP to cl4ear out prespark generated UV PiN MUST10st

ho. 4as and dust particles. 
SCORu

MfOCITI[% IN LlxNU SI- 
"  $ AT CL[CT AOX

.qWXTlt4

/ ,Figure 5. Airflow Pactern Over Top of Air Duct

I

I TOP
PULSE TSO G~ AIR
CALE E EXIT

/, 

uS04 
ZI

LOAD

.// BOTTOM . ' b'

Fiur Side View of TEG in Test Fixture Figure S. Switch Assembly and Load



41 317

The TSG's vere rated at only 35 kv with SV - Using these curves as well as Equations I, :, and 3

37.5 kv and wort not holding off enough voltage for total switching losses, the following comparisons

In relation to their total gap spacing due to are madet

E-f-Iild distortions. figure 7 compares measured Actual pulse energy In the load*:

and calculated load voltage vavefnrus. The actual J - 0.480 joules in load: JL Jo - - 1.08

load voltage Is shown as well as uhat the load 0.80 - 0.600 Joules lost

voltaga may be if all the cable current were allowed where

to flow into the load. The cable current and the Jnergenergy stored in cable

load current during TSG closure are not the same nergy relationship if the trigger curent neteadded to the massured load current*:
because a significant amount of cable current J - 0.780 Joules in load; JL .8- 0.780
as floing back through the V pin. This curve

-0.300 Joules lost
as calculated by adding pin current to the load

currnt nd ultiiyi~ tis tmesthe15-om lad. Calculated energy relationships for the 53.1 kvcurrent and ultiplyi 3  th is ti ns th e 15-oh a load. c r e *
curvee*:

ot* how closely these tvo curves match. The

highest SlV for this gap setting could be as high

as 62.5 kv; the TSC then could be ¢ated at SO kv. JL " 0.223 joules lost

This level (or close to It) could be brought about Calculated energy relationships for all 50 kv

uy redesign to make the E-field more uniforic. Three curvss':
J - 2.33 - 0.33 - 2.0 Joules in load; 3L

additional curves are shown to indicate the output

pulse if this TSC vewt holding off 50 kv in place 
0.;30 Joules lost

of 34.1 kv. Equatio.n 6 was used to calculate these \ote 0.33 joules In 14 percent of 2.33 joules.

curves. As expected, as the cable voltage decreases, the[CALCULATED IF jitter Increases. Of interest is that jitter
L .JS E CALCULATED If is lower at zero crossover and at the peak than atLe 0.1 wN is 16 XSEC

Va 50KV L ONiH the 1/3 point of the leading edge of the load pulse.
V 0 a 5o - This is probably due to some of the closure current

- -" CALCULATED IF 1 going through the UV pin to the trigger circuit.

*2 '-t' / ". 21.03 PH[C Though the 1/3 point jitter is higher than the

SVO- 50 KV crossover and peak jitter, i" is still only about

16 OCALCLATED FOR 3 nsec at 0.8 SlV and within the lO-axc peak-to-
u20.5 IESEC

SI Le 0.5 PH peak from 0.75 to 0.95 SIV or 26 to 35.6 kv,

II - 0i* KVrespectively.

'V?~~<LOAD VOLTAGE IF
TRIGGER CURRENT

-. VEEA AODED TO -Figure 8 illustrates the maximum firing frequency
ACTUAL LOAD CURRENT

* La 0.5 .1H as a function of peak cable voltage and air flowrate,
Yo. 310 KV I

20&DO OI oI jusing tvo TSG's and two cables. The air flowrate is

TI . NSEC ACTUL LOAD taken from the highest rate in Figure 5 and Is nuch

SVOLTAGE higher than In the gaps, especially the short gap.€¢ql~~q~ IL - 0.5 OH T
I C4 T 'S vo - 34.1 KVJ ,'he frequency limit was found to be about the same
:. TWO CABLES when one TSG discharged three cables. This result
3. CABE[ VOLTAGE. 34.1KV.CSoLv was unexpected; however, when the UV holes were

blocked, the frequency dropped from a peak of 1.6
Figure 7. Actual Load Voltage, Load Voltage with kHz to 1.1 k~lz. vhio., was expected.
Trigger Current Added, and Calculated Voltages for
Pifferent Inductance and Voltage *Based on graphical analysis.

**Fron Yartin based equations, Appendix.
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hotter and less pure. The rate of erosion on the

top pins appears to be about 0 ag/samp-hour, while

17 "OCIT. 6:.00 rrIMIN erosion of the bottom pins is tot small to determine.

For a redesigned TSO the pin could be larger and

the pin current would be lower.
'I

Figure 9 shows a blown-up picture of the top TSO,
2 N:o. 2, operating at 1.0 kIx. Ionized gas Jets can

.(tLITV. PO0 r?/, IN be seen coming out of the cable side electrode.

UTLTY) "LCCITV. a MT/IM

:| a Ir 5.41 ),1

:o :' zo :; :t :S A€ 27'8 OS 0 31 JO 33 i4 iS ]' J* J Figure 9. Top View of TSC No. 2 Operating at 1.0
AM YLTAtC. X 1000 VOLTS k0 z (Sits actor 1.57 x 1 in.)

Figure 8. HaxLmum Firing Frequency as a Function Conclusion
of Cable Voltage and Slower Voltage; One Cable The saill off-set uidplane described appears to be
per ISO a good choice for multielsuent systems where long
There was a total of 39 x 106 shots on the TSG's, life, high dL/dt, and low Jitter are needed. At
uhLch included about 7 x 106 shots during the 60 mg/amp-hr the short gap would increase only 10

;erfor:ance tests. The material loss was only percent after 5 x 1O8 shots (139 hours of continuous

about 0.03 percent of the weight of the sltc- operation at 1 ktz). This is based on 100 TSC's

trodes plus stud, and with this small loss it was discharging 50 ka, 50 asec pulses; with proper air

not possible to determine accurately material flow utilization the TSO will probably operate above

loss by before-and-after weight measurements. I kHz. Since the naximum frequency was about the
Blown-up profile pictures were used to calculate same with one cable as with three, the charge per

-carial loss. Only a general Indication of shot is probably not limiting the =aximu frequency.

zaterial loss can be obtained since the erosion The experimental voltage-co-gap ratio is coo low,
%as not uniform over the tip. From a rough graphic which in turn causes the switching losses to be

study of the actual picturesi the rate of erosion higher than necessary. there are three important

appears to be about 60 mg/amp-hour. This should features thAt were undoubtedly causing f to be highur

cause the short gap to ;ncrease only 10 percent than needed:

after 5 x 108 shots. The TSC should function (a) The surface of the aLdplane was not

-ell with this small increase. as spherical as It could have been.

Dissimilar opposing surfaces always have
An unexpected, Lnteresting result was that the pins higher f's than similar surfaces (Ref. .).

in the upper TSO eroded much =ore than the lowers. (b) The UV hole should be large enough to allow

It is not known why this occurred, since the only enough UV to exit but not so large as

difference was that the top airflow was slightly to significantly distort the E-field.
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The present hole is 1/8 in., which is VcVo %\ .o - 2.2:) -,o+ U.11)1

probably larger than needed. R 1 1

(c) The dividers and nonaylmmcrlcal surrounding tp

structure distorts the E-field. 3. J3 'Y tltdt L

By proper redesign the closure losses will be

reduced; however, the lowest possible figure appears
A. Vt - Vo - Vx - ITR, drop across gap

to be 14 percent of the available enargy. The pres-

sure could be increased to lower the closure losses; 5. V. - L d.
dt

however, this ny decrease the life since the per- 6. -

cent of Increase in the now smaller gap specinC R

would be greater. Also, any air filter will allow 7. R = + RL (Ref. 2)
some dust particles through. Row much filtering Is

needed to keep prefire at a minimum is uncertain. 8. 1 -1 + TL, a-folding time of current pulse
(Ref. 2)

The premise that two gaps could be operated in the 9. tit 88 (o/00)1/2 x 10-9 sec

same air stream if the air hes around 10 usec between RI 3 L413
(accurate within 20=) (Ref. 2.)

gaps to recover its dielectric strength 
has been

shown. . L LiR (Ref. 2)

11. E - Fm/f in units of 10 kV (Ref. 3)

References 12. E3 x - 24.5p + 6.7 (p-/rff (Ref. 3)

1. 'Nultialement Spark Cap Switch System," Final

Report on Contract No. EN-72-C-0A-4048 for U.S. 13. f - KlS/r + Y, (for S Z 0.37) (Ref. 4)

Energy Research and Development Administration. 14. S - rV2K2  (from combining Equations

2. Pulsed Electrical Power Circuit and Electro- rEmax-ViK 13 and 15)

magnetic System Design Notes A-1, Volume 1, 15. V2 - SEmax/f - SV In kV (Oef. 3)
Note 4, APVL-TR-73-166. where:

3. Pulsed Electrical Power Dielectric Strength J - energy lost in joules

Notes 5-1, Note 16, AYIJL-Th-73-167. Vo - cable voltage at to+, v

4. High-Voltage Technology, edited by L. L. Alaton, L - effective series inductance, h

Oxford University Press A68, Pase 7. Z a source impedance, 30 ohms per cable

R - load resistance, 15 ohms for two TSG's and
APPENDIX two cables

Switching losses are estimated in three steps from Do w density of air at 1 tm NT?

o - density of air in Sap
0 to 2.2, from 2.2: to To, and from To to to in the K1 - 0.13 for cylinders, 0.46 for spheres (Ref. A)

following canner: K2 - 1.06 for cylinders, 0.83 for spheres (Ref. 4)

2.21 t r - radius of electrodes in cm

1. J ftltdt - 0.4 V02 R/R (closure losss) re f - 0.23r for cylinders, 0.115r for spheres

J (Ref. 4)
0 i9 - function of S/r, slight modifier (Ref. A)

o° .0 v- on-state voltage, 50 v assumedJVltdc + VItdr - cable pulse duration, both ways, nsec
. J2 a 2.2: 2.2 p- duration of pulse at base, nsac

- - peak pulse current

SBV - static breakover voltage

, 2o f-2 ° /  e'/+ 05 P - pressure, atmI eo +R| 0.105 +

R (2 S- gap spacing, cm
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13.5

TESTLNG OF A 100 KV, 100 IZ REP-RATE GAS SWITCH

A. RAMRUS and J. SILUNNON

Maxwell Laboratories, loc.

Son Diego, CaliforniA 92L-23
Abstract two previous programs In which the obe ey was

A t o-electrode gas switch with a self-broakdown control of multimgawatts of average power. 2. 3 In

voltage of 100 kV was operated at a pulse-repetitIon contrast, power levels of the present program are

rate of 100 Hz with burats up to 10 seconds n dur- 50 kW to atisy requirements of a 500 kW pulser

ion. The output of a pulse transformer provided the containing 10 spark g"; there was high confidence

(I - cos u;t) waveform which charged the switch in the swttching "hniques previously developed were

about one-half millisecond. The switch discharged applicable but the Marx arrangement presented new

with a peak current of about 10 kA and a total charge problems for repetitive switchini. One objective of

transfer of about 10 mC into a damped LC circuit. A the present teat was to measure Jitter vs. flow rate

continuous purge of air through the Izderelectrode to determine the 'minimum flow rates for acceptable

spac n enabled the switch to recover Its breakdown switch performance A multi-switch system demands a

voltage between discharges. Flow rates up to 35 SCUM high sAty factor and should perform reliably with

were employed. This paper discusses the dependeoce minimum invo ect in air-flow equipment.

of switch jitter and waveform reproducibility on air- The spark-gap design Is shown in FIg. 1; it was

flow rate. previously shown capable of operation at 100 V,

250 Hz, 0.24 C and 5 kA peak current. Stahle opera-
i. Introduction tion with virtually no switch malfunctions was attained

This switch development was performed In support for 10-second bursts with flow rates of about 65 SCF.L

of Ma. vell's High Average Power Technology Develop- Smaller flow rates should be needed for the Marx now
ment Program which Is directed towards the develop- under consideration because of the reduced powr con-

ment of a bfgh-power electron-beam gun. This system trolled by the Marx switches.
Is now In final development: It includes a 500 kW

power conditioner which charges a I %!V hybrid Marx/ 3. Specifications

pfn pulse generator to 100 kV. This pulser provides A facility was constructed to provide the sper-

a diode with 500 kV I psec pulse-width and a puls- gap duty expected during itrx operation. These re-

repetition rate of 100 pps. To achieve this rep-rate quirements called for charging the spark gap to 100

the pulse generator is equipped with gas switches W in about 100 psec. and discharge of 10 mC and

which are continuously purged with dry- air. This 10 kA (peak), as shown in Table 1.

report presents test results on the 100 kV gas-dynamic Installed in a m . the switches must hold off

spark gap develop I for this application. the 100 kV Marx charging, then close with minimum
jitter when the Marx erects. It was necessary, there-

2. Backzround fore, to determine optimum spark-gp pressure for

Rep-rate switching at ItaxweU was studied during minimum Jitter with reliable 100 kV hold off.
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4. Setu In a burst can be analyzed although at the relatively

4.1 Test Circuit low frequency bandwidth oC R 20 kllz. 7he C. charg

The test facility consisted of a primary charging voltage was also recorded on an oscillograph.

circuit, a 1:12 step-up transformer. and an output r-) Current Probe

circuit containing the switch under test. The power A Pearson current probe monitored switch

source was a 3-phase transformer which reduced current. The rep-rate waveforms were recorded on

power company 12 kY AC to 4160 V (rms). The 3- magnetic tape and were superimposed on an oscillo-

phase was then rectified in a 6-rectIfier bridge, scope. Fluctuation in the amplitude of this current

Fig. 2 shows the main circuit elements. When measured on the oscllograph Indicated the Jitter in

the Ignitron Is triggered, the primary capacitor, C1  breakdown voltage since this peak current is propor-

resonantly charges through the 13 mH Inductor to about tional to breakdown voltage. The trace width after a

S kV with a I msec transfer time. A thyratron (Eng. typical 100-shot run Indicated the total spread in peal:

Elec. CX 1154) controls the discharge of C1 Into the current.

transformer. A diode and resistor is connected across (3) Air Pressure and Flo"

the thyratron to allow reverse current to bypass the Flow was determined by measurement of pressure

thyratron and to reset the transformer core while pre- in a piot tube placed downstream from the switch. A

venting damaging current reversal through the thyra- M'agnahelic gauge measured this pressure. The pitot

tron. tibe was located in a straight section of 2-7/8" dis-

The transformer was a foil and mylar winding meter PVC pipe about ten feet from the switch and

around an iron core with the primary and secondary three feet from the end of the pipe which exhausted

insulated from one another and from ground permitting into the atmosphre. Calculation of mass flow rate

the primary to be charged with the secondary prounded. from measured flow velocity of 500 ft. per minute

C I and the thyratron had one end grounded to eliminate yielded 10 SCFM.

the need for an isolated heater supply. 5. lests

The output circuit containing the switch had the 5. 1 Switch Hold-off Voltrg vs. Pressure

required inductance and resistance to ring the current An irradiation gap (Fig. 1) was provided in the

through the switch to conduct 10 mC, although C,, con- altuninum flange attached to one of the switch electrodes.

tained only 2.2 inC. The 3 j damping resistance was In this way the arc site on the nested-pair electrode

chosen for a circuit-Q of about three. The switch was illuminated with UV from the irradiation source.

circuit inductance was about 1.5 pH to attain the In these experiments the UV source was a spark plug

10 kA (peak) at 100 kV. whiLh ires perpendicular to the plug axis, and has an

4.2 Diagnostics unimpeded optical path to the arc site on the nested-

(1) Voltage Probes pair axis.

hesistive voltage dividers tapped-off the voltage The breakdown probability vs. switch pressure is

on CI and C 2. The probe on CO capacitor ind cated shown in Fig. 3. This data was obtained by recording

switch breakdown voltage. Data from these probes was the number of switch closures which occurred in a one-

stored on an Ampex tape recorder which operates at second. 100-shot burst, and the ratio of successful

high tape speeds. The magnetic record is then played switch closures to 100 switch charges was plotted.

back at a slow speed and recorded on a multi-channel Fig. 4 shows a typical magnetic-tape record with a

strip chart recorder. With this technique every pulse missing CO recharge which occurred when the switch
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failed to fire. of plasma at the are site of the nesed pair which

The relation between breakdown probability and reduces breakdown strength and provides irradiation.

pressure enabls the switch to he operated In a Mt= This volume may not purge completely preventing the

by pre-settl g switch pressure at the value where this switch from recovrin its full breakdown strength.

probability Is :ero. For exa=ple, for negative polarity once the first breakdown occurs. The ratio of the first

on the rested pair, a pressure of 40 psig (and flow to the average breakdown voltage was variable; average

rats of 500 tt/min) is suitable. 20% below that of the first value was not uncommon.

5.2 Switch Jitter Surprisingly, anomaLou firs-pulse chargin wave-

Jitter was estimated by computing the ratio of the forms did not occur when the irr-diated electrode was

total spread In the peak switch current to the average chargrd poultvely. Probably reflection of UV from the

peak switch current in a given 100-shot burst. A pouitlyt- V negative electrode caused the necessary

typical set of 100 superimposed voltage and current Lainating otrona. Also, for m&W tests, jitter was

waveforms Is shown In Figure So In which total spread comparable to that of ueptte polarity, although not

Is l12% of average peak current. as consistent from burst to burst.

Switch polarity had an Influence on jitter. Best Acknowldgemnts

jitter was obtained when negative polarity was applied The uuthors wish to extend our thanks to Mr.

to the nested-pair electrode aid when that electrode James DeVoss for his extensive contributions to the

was Irradiated, deslp, test, and data analysis throughout this program.

For either positive or negative polarity when Also, our thanks to 'Mr. Larry Houghton for the

Irradiation was absent the first switch charge had an capable engineering and technical support he provided.

abnormally high peak current indicating increased

breakdown strength. Occasionally the first applied Bibliog-aphy

waveform did not breakdown the switch. After the I. J. Shannon, "it 500 kV Rep-rate Marx Generator".2nd International Puls*-Power Conference, June
first breakdown subsequent waveforms had lower 1979. Lubbock. Texas.

amplitude and low jitter. 2. R. W. Clark. "A Simulation Approach to High

The percentage spreads In Table 2 do not include Average Power Repetitively Pulsed Switch Testing",
EEE Transactions on Industrial Electrical and

the first few anomalous charing waveforms for non- Control Ind., Vol. IEC1-23, No. 1, February 1970.

Irradiation cases. If they did, those values would have 3. A. Ramrus, "Development of a 100 kV Multimega-
substntlly higher spreads. watt Rep-Rate Gas Switch". Thirteenth Pulse-

i hPower Modulator Symposium, June 1078.

.. ' Conclusions

Based on these results, when employing this This work was performed under Ballistic Missile
Defense System Commad Contract .No. DASGGO-TT-C-

switch In a rep-rated Marx. It Is Important to employ 0058.

irradiation. Also, the switch operates more reliably

and with consistently low Jitter when the irradiated

electrode Is charged negatively. (This Is not too sur-

prisir- since the negative electrode provides the Initiat-

tog electrons when Ullumin ted with UiV.) Regardless of

polarity the non-irradiated switch has a first-pulse

breakdown strength which exceeds that of the Irradiated

switch. This is believed caused by a stagnation region
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TA3LE I

Spark Gap Specifications

* Voltage hold-off 100 kV voltag
monitorsil

Peak current 10 MkI
Charge transfer 10 mC

Maximum rep-rate 100 I: hOL -
i ..'UtfwItch

Burst duration 10 sec. / " C. ! C IJ\

• Charging time -0. 1 msecc Ignitro- ' Irr-diaton.j

Flow rate minimum thyratron source
current probe

TABLE 2 Fig. 2. Test circult.

Percentage spread of peak current for current ampil-
tude variation for 100-shot bursts at 500 ft/min under
various conditions of Irradiation and pressure.

Polarity Irradiation
(on nested (of nested P

Shot no. pair) pair) (PSIG)

176-183 - yes 21 9

• 184-186 - no 21 14 0

187-1S8 - no 27 11 " 0 SW romim rod vtumw

189-190 - yes 27 10

192-194 - yes 27 9 negative pola: ity

195-198 - no 27 7 * 0.1- (on msted

• 199 * no 20 9 a positive pair)
0.6 polari-

*disregarded initial anomalously high breakdown A
strangth. 04

negative pol-,

0.2 -ity. irradia

~i . e-rt axsth

- , :":'pref Ire curves.S

Fig. 1. Cross-section of pus-dynamic
spark pap.

a. irradiation source

b. 1.3 cm pp
c. nested-pair electrode
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switch voltage 3 e wnt I..t- V..0T

C I ChIZ IiTt ~ltt fl~lhI .. iq I -,________"_" ______ -_.. ..__'__... . "" I'" °'411I 11C
C1 voltage h

-rig. S. Typical output switch current amd
swich Ihar Voltae on a 100-

I-- tron 17 shot burst (ru 16). 1ercmtaga
trigger genewrator Wprea of peak current overaverage peak current Is 12%.

Fl;. 4. Magnetic tape record. Test 153
Arrow points to indication of
switch no-fire.
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J. H. Gully, 9. 0. Tolk. 1. C. Zovarka, X. btnnan, 1.. L. li.rd

V. F. eldon, RI. C. Xylander, H. H. 1ioodson

Center for E£ectromechanics, The UniversLty of Texas a: Austin

* Taylor Hall 167, Austin, Texas 75712

Abstract

The role of Lhe 5 M hosoFolar machin a: the Center it is still in daily use as A pulsed power surply

for £ElctroatchanLcs has changed from that of a for other laboratory experiments. Its 730 k: steel

pulsed paver supply experiment to that of a paver rotor Is 61 cm in dianeter, 25 cm thick, and

sup;ly for various experiments. Secause of this operates In a 1.6 tesla axial sgnetic field.

change In duty, it vas necessary to modify the Originally designed to produce 165 k%, the machine's

m-Achint to allow more efficient operation and low internal impedance (resulting from an improved

easl r connection of the machine to the load. brush mechanism) permits the ganerator to produce

up to 560 kA, stopping th* rctor fro= half speed

Tht experimental )hearings uhich were on the mchine (2500 rpm) in 0.7 seconds.

vere replaced with bearings of a more conventional MAGNETIC YOKE FIELD COIL
design. These bearings exhibit a higher sciffness ROTOR L

and lover loss than the original bearings, making BRUSHES / F-CONDUCTIVE

the machine =ore reliable and reducing motoring ,. LINER

time. SHAFT
BRUSHES r- ROTOR

The surface of the poles were faced to make the

applied field mare uniform over the face of the

rotor. This reduced the =agnetic aoent on the rotor

and reduced the side forcAs on the rotor during

discharge.

The busbars were rebuilt to lover the resistance 
of0

the output circuit and to allow quicker change of

exper.'.nts. The latching mechanism of the closing SHAFT

switch was rebuilt for better reliability and a BRUSH

damper was added to lower :he meahazical shock on OUTPUTTERMINA

the switch during operation.

ROTOR BRUSH HYDROSTATIC

Introduction OUTPUT TERMINAL JOLRNAL
The 5 WJ slow discharge homopolar generator (SDHG) HYDROSTATIC THRUST

(Figure 1) was built in 1974 by The University of BEARING

Texas Canter for Elec:romechanics :o demonstrate Figure 1: Sche'cic of 5 YJ SDHG.

the feasibility of inertial energy storage using

ho-opolar conversion. It has been discharged After repeated discharges in the short circuit mode

hundreds of t.imes and has proven so reliable that pr'oved the basic reliability of the 5 i -chine, it
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was connected to various loads in order to study in; boarn in erface surface speed Is much higher
such machIne parameters as voltage, current, pulse than I-' conventional rotating m.chines.

rise tie and diacharge cie. ,4hree major series of

laboratory experimeuts have been conducted chat Desirable. bearing design features include:
involve operacionaL testing of the machine as a

pulsed power supply. 1) Very lo soses (reduce mCtoring time).

1) 01Achxr$ian into the fst discharge exeri- 2) Full stiffness at :ero speeds. (tering

mnt (FDX) field coil (inductive store) loads in homopolar enerators are as large

to obtain nAxam curceAc i- the coil. 1  at :ero speed as at full speed.)

2) Oischarging into the FDX field coil 3) Electrical insulation (to prevent arcing
(inductive store) vh.le controlling the during a discharge and eliminate circtat-

shaoe of the curran: pulse by concrolling Ing currents in the beari-z5sn).

the field excitation of the 5 WU machine.

Of the three types of bearings, rolling element
3) Pulsed resistance welding of 2" ml.d steel (unacceptable due to high magnetic fields in the

pipe.2 beaing location), hydrodynaoic (unacceptable betat a

of zero load capacity Atc :eo speed) and hy. ..cic
P eson for Rebuild only the hydrostatic bearing can be designed to

After completing thess experimants, misalignment and achieve all of these goals.
out-of-oundness of the experimental hydrostatic

bearings installed two and one-half years before Two configurations of hydrostatic bearings had been

resulted in an Inability of the 5 W3 hosopolsr tested before the rebuild. Originally, a set of

=Achine to be notored to speed with full f$ald. A stainless steel bearings, which were not insulated
;." stainloss steel pipe resistancit welding program from the bearing housing, were used. Although
would soon require =y high level discharges. they functioned satisfactorily at the original

Terefore, to address the bearing problem and observe design currents, during a high-level discharge the

:% Inca-n.l condition of the enerator after somea shaft 4rcd to the bearings, causing pitting of the
rvo years of operational rast!ng, the decision was shaft and bearings. Bearings =ade of C-9 *eltaine
=ado to rtdesign the bearings, disassemble the (a nonconduccive, fiberglass-reinforced material)

tachine and upgrade the overall performance. replaced the stainless steel bearinags. These

AttenCion was paid to =aking the =chine as reliable bearings functioned for over two years, but thermal
As possiblo, :eflec:i"g the change from its creep ultimately resulted in bearing misalign ant
previous experi=ncal status. and loss of stiff:eiss which necessitated that the

=achine be run ac reduced field levels. Friction
_______ and l' losses would cause the shaft to expand, b.,c

flicapolar :achines have stringenc bearing require- the melanin& bearings (which have a very low =odulus)
"ents. A large dia-eter rotor shaft is required were prevented from expanding because they were

!or a disc type hopolar generator, since the shaft confined by the staiEless steel bearing housing.

is used as a conductor and :he larger diameter This resulted in reduced clearance in the bearing

:owers :he resistance. (For the S .1 =achine, which increased shaft heating, further reducing

resistance af its -ive-inc.a shaft is about one-third bearing clearance and resulting in rubbing b -ween

if :he total =achine resistance.) Because the shaft the shaft and bearing. In addition, the bearing

is larger in dia=eer than vould normally be used housings wera nisaligned and out-of-round, causing

in a rotor af the same si:e and weight, the result- the bearings to be oval-shaped and misaligned.
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The third configura"on of hydrot4tcic b4.in&S of :he bearing housings, a boring bar was built

(Tigure 21 which are currently in :ht machine, which would line bore both housings while che
addressed ctese and other problems. A convenzional were installed In the 5 MJ yoke. In addition,

bronze bearing Insert vwih A hardened steal ihaft a facing machanis= was attached to the boring bar,

was designed. te inser uas insulzed from a rf. face the polos of the machine petpendlcular to

shru~k on steel housing wicto a layer of fla,# the new bearing housing bore. This significan:ly

sprzaad alutnnuz oxide cer--=It. The bearing has reduced :he tilt forces on the rotor caused by

six poke:s aid is orifice compensated. by capering misalignment in the magnetic field,

the Journal bear-lg as show- In F!*ure 3 An

adjustablA zleirance was obtatind. Table I shows One of the maJor problems with high-speed hydrustati(

the btaring characteristics. bearings involves the design of a sump system that

will remove the large oil ftow and prevent leaka;e
• , A. a, wa.ii..4&U, at the high speed seal interface. The current

-0 f.K 4 . W0-TI4 design provides very large sumps which operate

below atmospheric pressure. This allows the seals

L~a ~.to leak Air into the sump rather than leaking oil
, !out.

) Achine Disasseamblv

0-Careful inspection of the disassembled machine

- revealed that the rotor and all brushas wart in good

condition. As anticipated, the bearing showed
signs of rubbing and some pitting had occurred on

.1, '\ "~ .[ the shaft under the shaft brushes. The making
ol*tL.* st. ! ____switch was In good condition except for the external

latching mechanism chat had become loosa and

misaligned. Overall, the disassembly :esulzed in
Figure Hydrostacic Journal Bearing no surprises and the machine was sound.

1lakinc Switch

Upgrading of the machine Included dies =bly and

rework of the generator making switch (Figure 4).

. _-__"6C All electrical contcts and conductors were in good

i_ __ condition and were reassembled without rework.

Rework of the switch included:

1) Pins at the pivot points on the latch
4 mechanism shoved excessive wear and

IK-'T damage from impact loading, resulting in

a lack of reliability of the hold-open

latch. The pins were increased in size to

reduce unit loading, assembly tolerances
Figure 3: Tapered Shaft and Bearing were tightened, a new damper was added :o

reduce the impact of the pneumatic cylinder,
Ao correct the misalignment and out-of-oundness and the latch was regroun,' and repositioned.
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Tble I

HydostaCic 3er4ing ChArActer-st'Cs

Oil VisCosi:7 Radial Load* Stiffness flov Total Loss

cp (R eyn) Clearance 4(lb) -1a (lb/-n.) L:er/aIn k I (hp)

=(In.) ("

2.1 6 0.102 3.47 x L0 1.70 x 103 15.7 20.4

(9 x 10" ) (0.004) (7800) (0.972 x 10) (4.16) (27.4)

13.5 0.038 1.24 x 10 5.91 x 10 5.25 9.10

(2 x 10"6) (0.0015) (2751) (5.09 x 106) (2.18) (12.2)

"Load: Civen for a minitnu film thickness of 0.025 m (0.001 in.).

2) ,1e original eIlectromagnetic solenoid,

which initiates switch actuation, was a -.

surplus unit and was replaced with a

comercial unit.

3) Redestgn of the latch adjusting echanism

nov alloe adjustment to be %&de ith the

solenoid in place.

BtSoce tht rebuild, the output busbars and mking

suitch had to be removed before the generator could

be disassembled (Figure 5). The ney design rotated 4

the 2.86 cm by 30.5 ca aluminum discharge busbars 0

90" so that they face the FDX generator. Lifting -.

eyes were attached to the top of the yoke providing 0L .

quLcK access to the machines interior for inspection 011,

and repair.

3V rotatng the FDX field coil 90" tovard the 5 M J

SDHG it vas posaible to attach the coil directly ,c,,€_.M --I

into the switch output. This made the low impedance I

copper busbars used previously co connect FDX to the -" s *,,,e.1.1,

5 HLZ generator free for quick installation of other s ...,-,,,..

ixperi -ents. The new busbar arrangement loered In l

both the resistance and inductance of the output • ,'n t,-
-#"" :4aS -111041 1"Itlicalll pvw1111|sli

.ircuit. 9 .h gall

"1 lI P 11+. AIIA t . 4 #-lVall 1-illi

Cz onclusian 11 AT=lll tipl Ill611 l"l.I

i 9t *nEri .11 IM4

Many high current discharges have been accomplished
Figure .: Making Suitch
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ainct the rebuild (Tabla 2). Thenmchine has

proven to be reliable and maintenance free. In the

near future, welding and heating experiments will

continue. Other possible expe:imen:s include FDX, -"-*

pulse conpression and sooe rail gun experiments.

The 5 .J SDIIC is no longer an experizent; it is now

a reliable pulsed power supply for high energy

experi=ents.

Figure 5: New Ausbar
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Table 2: 5 MJ SDHG Discharge Levels

-50 kA 50-100 kA 100-150 kA 150-200 kA 200-250 kA 250-300 kA 300-350 kA 560 kA

Sefore
Rebuild 54 98 20 20 2 i 1

After

Rebuild 1 26 7 2 0 17 28
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14.2

COMP7UTER BASED ELECTRICALJ AN'ALYSIS OF H OOOLR GENERATORt
DRIZVEN, BITTE MATE STOWAE IN(DUCTORS I.flHt

RADIL CURRENT DIFFUSZON(

O.J.T. 4yhall , H.G. Rylandr, VoY. Meldon,
and H.H. Woodson

Center for Electroechanics
The University of Texas at Austin

Austin, Texas 78712

bscra here J and ' are Blssel f ,ctions of the first
and second kind, J - n- , and A 3nd 5 are con-

.axvell's equations are solved for the opera- scants. The I field is
t-onal admittance In the maletic quasi-stacic
approximation for nonmagnecic cylindrical coils l . jqr) +BY iqr)] (3)
with axlmuchal currents and axial magnetic
fields. An infinite series, 34ssel function -The trsform voltage across the coil cerminals
solution is obtained and solved for copper is taken as
coils with given radial dimensions. Coil curns
ntu=bers and lengths are design parameters. A V(p) - 10(b)2nb (4)
multiple branch, shunt necvork coil model vith
series resistances and inductances is derived. The operational admittance is Y(p) - I(p)IV(p).
Te UT CL( 5 M'J homopolar generator is modeled
uith 4 torqut-specd equation including brush Application of the boundary conditions and use of
and sial drag torques. The brush contact volt- the residue theorem (2] gives the temporal admit-
ate drop is modeled versus surface speed and cance as
bmsh rurrenc. Transmission systcm resistances
and inductances are included. Effective depths y(t) - AL e'4 (5)
of current penetration, effective coil resist- L-1
ances and inductances, and peak temperatures
are calculated versus time. Coil currents and -rI0) 2
voltages are obtained, as are system energy - asi (a b)-Y (as a)Jo b
storages and dissipatlon3. Peak current times 0bUo ( 1sia)° i)°(5 )0(sij
and system discharge times are determined. 1a " l to
Slightly underdamped configurations are found. - 5 as±lytsa)Jo :tbJ1 i)Yo(%ib)j

A," (6)

Admittance Solutions for tSodo Cylindrical Coils 3s2
Square Bitter plate coils with eccentric bores 2 rY( aJ~sb- aO ai)
Ara approximated with a cylindrical, axisyme- as _ o(aia)J(iblJolasia)Y 1 asib)]
tric modal. The operational admittance approach
of Facanu (1] accounts for radial current diffu- r o(%ia)Ja ( .b)- o tosi a) 0 (sib)J
sion. The coil model is shown in Figure 1. The si.
coil length is l: its thick.ess is b-s. The g rj % ]
field is purely axial: the - field purely 2) 1
a:iuthal. Displacement current effects are
1etlectod. " 2 (7)

The boundar conditions for the LaPlace trans-
fo.. fields are L(r) constant, Orla, and The a are the roots of the equation
cH(r).df - 1(p),vwhere the contour c is shown ii
in Figure 1, i(p) is the transform current, and ca si[ Yo% a)J (%Lb)-Jo(% a)y C01b)]
p is the transform variable. For nonanetico
:oil macorial, axell's equations give "r V(asia)JI(o!ib)"J, L sl - 0 iS)
1 d dii., q2 - lai* %IlaYlUiJ

d (r z : q2fl, - Uo7P (1)
U r 7 - 0  Solutions for Particular Coil Dimensions

zhere . no " ": 10 -7 H/m and 7 is the coil con- The roots of eq. (8) are solved for a - 0.3048m
-ucciviy. A solution to eq. (1) is (12 in) and b - 0.508m (20 in) with rcutines

Al , (jqr) Y (jqr) (2) 4Presently at Larence Liver-ore Laboratory.

Livermore, CA 94.550

*1
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.SJO, K.3SJI, ,mmSSY, ZEAL1, and Z 'A''1 of The estimated resistance of the bus system is
the Int4rnational .atbhemAtical and Statistical 29.90: the estimated inductance Is 0.3H.
Librarv (IMML). Th first Z roots are oxs -
3.127309270 A-1, Os2 - 7.401705666 -1, s3 " tfective Paranetars for the Coil
11.98715?46 4-1. ¢.,& - 16.64197700 a-1. AL and An -*fective Coil resistance Is defined as
31 are calculated for 1€ - t 0.9ll44 and r R Is

5.800 x 107 (f.-)-4. The first A values of * A h
A are 6.466691304 n 106, 9.92445060A x 105,
:.509179152 x 106, 1.4 1670278 x 106. Those of in the ith branch. An effeccive coil induc:ance
S are 1.44322999, 8.090703477, 21.2204119, % n
40.90086543. is defined as L 5 I ,  L I The current

Sht Ecuivalent Circuit for the Coil 
I4

"ben eq. (5) is transtor".ad and variable coil im -

lengths Lc and multiple coil turns of number N'T c
are alloed, the operational aMzitcance may be d -1
vri:ten (1 + - )) , where doff is the effective depth

Y(p) - -- 2 +-- of current penetration. The temperature rist At
1i eLiP 1 1 A c A, r - a for M copper is taken as

-icc M -, p]() asft 5.47 x' 10-& T -Y L . It U2 [1+T [
T' (9) "ma

The coil .ay be thus represented by the infinitt )J' 2 dc, C°.
branch, shunt netvork shown at the right side ofa
Figure 2. Each branch consists of a resistance Solution of CircuiV Equations for an Exampl* ClRe, And Aft Inductance Li in series, The proper .lco (CrU Euco .o n£aeCL
n b ar o branches n is detrined by tral. The circuit equations for Figure 2 are integrated

in time on a CDC 6600 computer. Example results

11odel for the UT-CLD 5M.) Hoopolar Cenrator art siven for a 12 turn, 72 plate coil (6 places/

The UT-CE14 5W homopolar generator is shown on turn) of length 0.1534m, plate thickness 1.13 x
The left-' side hofigur2. Itos voltae 10-3m, and zero thickness insulation. Resistancethe le side o itee 2. Its voltage - increase with temperature Is neglected. The gen-W12Z whre wIs he gnertor nguar fe- rotor has an initial speed of 589- rad/ste and an
quency and 0 is the magnetic flux. The gener- initial voltae o 42V. Fourteen branches ara
ator internal resistance RH is taken as MUiou b
and the internal Inductance LH as 0.SUl. The wed for the coil network.
torque equation for the generator coast down Generator speed and current are shown In Figure 3.node is Gnrtrsedadcretaeacmi iue3

de along with the coil voltage and the temperature

SU i Tbr - (10) rise at the inner radius of the 0.1524m thick neck
d- T1 's of the real coil. The rotor kinetic energy, coil

inductive energy, system resistive dissipated
where I Is the rotor rotational inertia. iT Is energy, and drag friction dissipated energy are
the series current. Thr is the brush drag torque, shown in Figure A. The effective col resistance,
and Ts Is the seal drag torque. Bearing losses inductance and depth of current penetration are
are ignored. Tbr is taken as 446 m-nc: Ts as shown in Figure 5. The seris current is slightly
13.6 n-nt. underdamped. The peak current of 120.6 Mc occurs

The brush voltage drop resistance hr ihich at 0.855 sac; the peak coil energy of 0.814 YJvaries ith brush current and nsrator speed, occurs at 0.908 sec. The generator reversesis approxi=ated b direction at 3.64 sac; the current reverses at4.57 sec.

0 bra-V 1.'75 3 x 10-51.1 TI) + V A':knovledcementsThanks are due to W. L. Bird, H. Brennan,
-1006 X . Cardwell, .4. D. Driga, K. M. Tolk, P. Wildi,(1-1.00 x 05 II (11) and R. Zavorka for their ost kind help.

with the rotor brush voltage coefficient siven by This work was supported by the U. S. Departan:
of Energy and the Texas Atomic Energy Research0.YA 8. rd/et(12) Foundation.

r 1 0.676 + 7.27 X 10-4u, -88.6 rad/sec

References
and the shaft brush voltage coefficient given by Mlj C.l..%ocanu, 'The Equivalent Schemes of Cylin-

10.74, uK425 rad/sec drical Conductors At Transient Skin Effect,' 71
, a2 m (13) TA? 667-?WR, IEEE Su=er Meeting and Int. S"mp. on

10.676 + 1.51 X 10-4w, u>425 rad/sec High Power Testing, pp. 884-852. July 18-23, 1971.
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IA. 3

INVITED

TESTING AD ANALYSIS OF A FAST DISCHARGE HOMOPOLAR 4ACHINE (FDX)

:T. Bullion, X. ZovarkA, H. D. DrIga, J. H. Gully, H. G. Rylander,

K. H. Tolk, W. F. Weldon, and It. H. Woodson

Center for Electromechanics, The University of Texas at Austin

Taylor Hall 167, Austin, Texas 78712

Abstract The Center for Eec:romechanics (CEH) at The Univr-

The Fast Discharge Experiment (FDX) is a 0.36 FJ, sity of Texas at Austin has been engaged for some

200 V nomopolar machine designed to discharge in one time in experiments involving hoopolar machines and

millisecond. This experiment is intended to etab- has built and tested several such machines. The

11sa the fundamental limitations involved in ex- first homopolar to be designed, fabricated and tested

tracting energy in the shortest time from a flywheel by the CL vas a 0.5 J machine In 1972. This ma-

using homopolar convarsion. FDX feature6 a room chine exceeded its design goals by discharging from

temperature 1.6 x 106 A-t copper coil pulsed by a 6000 rpm in ; seconds wich a peak current of over

5 W slow discharge homopolar machine, two 30.5 cm 14,000 A. After, this successful testing, a second

diameter counterrotating altminum rotors with flame hosopolar machine vich a storagu capacity of 5 MJ

sprayed copper slip rings, low inductance return was designed and bull:. This was not merely a

conductors, coaxial transmission line, four fast scaled-up version, but a new machine implemienting

closing (30 usec) 112 HA making switches, hydro- new ideas learned from the earlier machine. Due to

static 3ournal bearings, squee:e film thrust bear- improved internal impedance, this machine discharged

ings and dual bijish activation systems. into a short circuit from 2800 rpm, half its rated

speed, in a much shorter time (0.7 sac) and at a much

After initial testing of FDX gas completed and data higher current level (550,000 A). The success of

was analy:ed, problems limiting performance were these two projects led to the question of the funda-

identified. Various components of the machine wore menotal limitations to discharge tine of homopolar

redesigned and modified to correct these problems. machines.

A second set of tests, including short circuit dis-
charges from various speeds, has recently been con- In 1973 and 1974, a study was undertaken by the CEN

ducted. Results and analysis of these tests vill to answer this question. For discussion, coniider

be presented. New problems encountered as well as a machine with a rotor which carries a radial current

reco=endations for additional work will also be i in the presence of an axial magnetic field B. The

given. electrical connections to the rotor are made through

sliding contacts from cylindrically s)y-etriccl con-

Introduction ductors vhich carry equal currents. If the rotor is

A hczopolar machine which uses a simple rotor with- turning at some speed about its axis, several phe-

out windings as both flywheel and generator armature nomena limit the rapidity with which electromagnetic

is a very simple, inexpensive and efficient pulsed forces resulting from interactions of current and

power supply. This type o! machine uses its fly- magnetic field can decelerate the rotor and extract

wheel to inertially store large amounts of energy the stored inertial energy electrically.

over a relatively long time and electrically ex-

tracts this energy in a very short tine. Deceleration is accomplished by the interaction of

current and magnetic field. Either current or
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magnetic field can be present without deceleration heating leading to thermal stresses tnat degrade the

and deceleration can be accomplished by establishing mechanical stress capability of the rotor caterial.

the other. If there Is no magnetic coupling becvteen

the field coil and the rotor circuit, the problems The Fast Discharge Experiment (FDX) (Figure 1) was
of establishing current and magnetic field rapidly designed, not as a fast pulsed power supply, but

are independent. to Investigate homopolar discharge liLtations.

Therefore, several parameters, such as mechanical

First, consider the problen of establishing tagnetic stresses, brush current densicties, and Interface

field. A voltage must be applied to the field coil speeds are at their predicted performance limits.

to produce d current which builds up at a rate de-

terined by V - L L. The race of buildup of cur-

rent in the field coil is li ted by its incernal
insulation which in turn limits the voltage that 1  V7
can be applied to it. Even if the coil current

builds up quite rapidly, the estcablishment of mag-

netlc field inside the rotor i2 limited by the decay

time of eddy currents in the rotor.

h exc, consider the problem of establishing rotor

current rapidly. The current must first diffuse

into :he rotor and return conductors. This is a

ctransient eddy current problem that is affected by Figure 1: Fact Discharge Experiment

material properties and geometry. Even if current

diffuses rapidly into tha rotors and return con- FOX was designed and fabricated during a period from

ductors, the rotor current must be aescablished by 1975 to 1977. Znitial testing, such as pulsing the

the voltage generated In the rotor applied to the field coil, coast dovn tests, voltage generation and

Inductance of the armature circuits. low speed, short circuit discharges began in the fall

of 1977. After this initial testing of FOX was com-

:f the =agnecic field and rotor current can be as- pleted and data was analyzed, various problems limit-

:ablLsed rapidly enough, the discharge time is ing performance were identified. Several components

imitced by how rapidly the J x 3 forces can deceler- of the machine were then redesigned and modified to

Ace the rotor compared to the eleccrical loss rate correct these problems.

In the rotor, brushes and return conductors. This

requires high magnetic fields, good electrical con- A second set of cests on FOX, Including short circuic

ucrar% and low resistance sliding contacts, discharges over a range of speeds has recently been

completed and :he results of this testing are pre-

There are also some mechanical problems which may sent d here.

artse during discharge. If the J x B force distri-

bution does not match the deceleration force density, Oritinal -DX Design

then shear stresses must be transmitted by the rotor Several possible configurations were considered for

%acerial and they may be substantial for fast dis- FOX with the fastest possible discharge time for

char;e. Deffusion of current into the rocor may minimum cost as the limiting objective. After ex-

prcdue :nunifor= force densities and high shear censive analysis into the topology of fast discharge

stresses. Nonuniiorm current densities, caused by machines, I i was concluded that the multiple disk

:ze exiscence ji eddy :urrencs, can cause nonuniform or "spool" configuration has a smaller effective
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capacitance due to a maller momen: of inertia than rotors shaped for minimum inertia, the machine-
an equivalent drum configuration for a $iven flux stores 0.36 Mi of energy at an angular velocity of
linkzge (Figure 2). As a result, the "spool" rA- 3000 rad/sc (28,650 rpm). From half spted, 1500
chine has an Inherently shorter discharge time. rad/sec, the rotors Are predicted to stop in approx-
The spool configu:ation also Allows the rotor to im=tely one millisecond when discharged into a short
link a larger percentage of the flux generated by circuit with an output current of 1.9 1A. (Figure ).
the field coil than does the drum configuration. Because of high current densities in the brushes,

the machin, cannot discharge into a short circuit
• E~~. L t~. a" from full speed. Th. pulsed magnetic field in the

- . r I rotors averages 4.0 T, resulting in a nAchine volt-
age of 208 V at full speed.

N 'AN A.

Dru= Configuration

FWgur 2 7o7oFigure 3: FX Hoopolar Machine

7:1
pu "S A45 A(

Spool Configuration

Figure 2: Ilomopolar Generator Configurations

Considerations of performance, time, funds and
desired experimental results were involved in the .3.
design of FDX. As a result, FOX models one coil .4
and the corresponding halves of two adjacent counter-
rotatIng rotors of a "spool" machine (Figure 2).

Also because of cost and time considerations, the
high magnetic field required for FX is supplied
by a room temperature copper coil powered by the Figure 4: Predicted FOX Output Current
existing CF. 5.0 .LJ slow discharge homopolar. The FOX machine exceeds the state of the art in some
generator. parameters. The current collection system has to

operate in very high magnetic fields (up to 6.0 T),
FOX (Figure 3) is a fully compensated, pulsed field withstand large current densities (up to 8000 A/c=)
homopolar generator.- Using two counterrotating and make contact with a rotor moving at 450 misec.
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FOX utilizes two 30.5 cm diameter, 2.5 c= chick

counzerrotating rotors made from A 7050 aluminum
alloy. Slip ring surfaces Are flame sprayed with

a layer of copper to provide a suitable surface for

copper-graphite brushes. The rotor shaft and thrust /
bearing runner are hard anodi:ed to provide lac-

.rIcal insulation and a ear resistant bearing sur- 40

fice. The rotors are supported in a cartilevered 4,
fashion by oil-lubricated hydrostatic journal bear- o

ings Inside the FOX field coil. These bearings ,' o

provide extre=ely high scl.ffness and Introduce 0"4

damping into the rotor-bearing system. One hydro- . /

static thrust bearing is used to axially position Figure 5: FOX Dual Brush Mechanisms

each rotor. Upon discharge each bearing changes to

a squee:e 5fil regime to counteract the large force Due to eddy current and field penetration problems,

0.5 x 10 N) crying to bring the rotors together. the coaxil transmision line is made of aluminum
Dud to :he pulsed magnetic field, the rotors are instead of copper. The lover conductivity of alu-
unable to self motor and are driven through shear minu avoids exaggerated values of eddy currents
Links by turbines vhich operate on compressed air. and Accelerates field penetration. because of the
"pon discharge, the rotors rapidly decelerate, extremely fast rise tine (2900 A/usec) anticipated

causing the links to shear and decoupling the tur- for the large discharge current (1.9 x 106 A), a
bine from the rotor. one shot mechanical switch hased on the =agneic

repulsion principle was employed. This very low

The FOX field coil Is a 1.6 x 10 A-t room te=para- impedance switch initiates the FOX discharge current

cure copper coil pulsed by the CDE 5 U-Achine. by rapidly (30 usec) expanding an Annealed aluminum
I: has a :oral inductance of 8.5 uH and a resist- ring which bridges two stacionary contacts. In order

inct which rise, from 62 j to 74 un during the to :aintain uniform current distribution in FOX,

pulie due to the ccperature rise of the coil. four such switches (er.ch 1/2 MA) are located s)=-

metrically around the outsIde of the coaxial trans-

The TDX discharge circuit consists of dual current mission lipe.
collection systems, an aluminum coaxial transmission

ne and four fast closing 1/2 Xt making switches. Initl Tast Resuts and Problems Encountered

.w brush mechanisms and current transfer designs During the fall of 1977, Inital testing of FOX

era required; one :o collect current fro= the began. Praliminary testing of several components

rators shoulders and transfer it to the stationari of the machine was necessary before a short 4ircuit

.;mpensaclng turns, and the ocher to transfer cur- discharge could be attempted. The FOX fteld coil

rant from the oucer periphery of one rotor to the was tested fIrst by pulsing It fre various 4urrenc
o:her (Figure 5). Both brush mechanisms use sin- levels with the CFI 5 Wi machine. This was done

tered copper graphite brushes, previously tested with and without the rotors and co=pensuciag con-

rid ised .n the ZD1 5 Ml machine.3 The brush pack- ductors in place to enable the rotors to be cencered

Lnq factors if both mechanisms exceeded 90. due to In the magnetic field as 'ell as to evaluate :he

:*e :ar;e current densities involved, difference in magnetic flux discribucion with and

without the eddy currents Zeneraced in the rotors

and compensatlng conductors. The 5 ?J machine was

discharged from various speeds and current in the



337

co' and magnetic field was recorded. This measured Another problem wth FOX uhich affected predicted

field very closely =atched the fIeld calculated perfor-mnce vas insufficient ALr supply to the ur-

previously, bines which motor the achine. If the specified
15,000 rpm was to be reached, larger Air lines and

The two brush mechanis:s wera tested individually mor* air Inlets to each turbine would hAvi to be

and together by ac:Ivatin the brush aechanis--s in used.

various combi- ations. The objective of those tests

vas to wear in the brushes, decermine hoy long each Upor dismancling the achine, several other problems

mechanism took to acrLvata anM verify predicted vero noted. The surfaces of the oute: roer slip

brush losses. From 7000 rpm, the rotors stopped tings as veil as the rotor brushes showed i;ns of

from brush losses Approximately 0.4 sac after both arcing but the rotor was not seriously pitted. This

brush mechanisms var. seated. This rapid decelera- indicated that :he suspected brush bounce vas occur-

:!on vas expected from p:edicced brush losses, ring in the rotor brush mechanism. Also, there wes

Voltage generation tests were performed on FOX by considerable oil in the ro:to: cavity. indicating

exciting the field coil and activating both brush that the inside bearing stals were not funczlonin;
atchanis=s vich tne rotors spinning. .achine volt- properly. Further examination and resting using

age and :ove=4n: of the rotors as a result of the displacement transducers showed tha= the rotors

magnetic field vere monitored, ran out approximately 0.01S c-. This could be onb
cause of brush bounce.

after these tests were complete, four short circuitc

discharge tests wera performed. On one of these Zn general, all components of FODX except those noted

tests, the 5 j. machiae generated l40,000 A into above vere in good shape. Therefor, to make FOX

the FOX field coil, producing an average magnetic perform as predicted, a cooplete redesign and re-

field of 2.4 T inside the bore of the coil. From build of chest components vas needed. Coinciding

2500 rpm, the rotors stopped in 20 milliseconds and wich the FOX rebuild, vas a rebuild of the Cr4 5 U

the machine generated approximately 60,000 A. The machine to increase its performance.

FOX machine voltage vas 19 V. While this vas the
fastest discharge of a homopolar machine to date, FDX Rebuild

the time vat still an order of magnitude greater FOX has an 8.3 cm diameter shaft which roateo at

than the predicted results. Also. on other tests, speeds up to 15,000 rpm. This gives a very high
it became apparent that current could not be main- interface speed for a hydrostatic bearing. Because

rained at speeds over 2500 rpm. This vas due of this high shaft surface speed and thd roughness
largely to brush bounce, either electromagnetic or uf the hard anodi:ed shaft an which they rubbed, the

dynamic in cature. ecause of a very fast current original lip seals usea in FOX wore out rapidly.

rise before breaking up, a one millisecond discharge Also, the oil sump in the Inner bearing scavenge

s:!:! se-ed feasible if brush contact could be system vas slightly pressurized due to line rescric-
-aintained. Therefort, an extensive rework of FOX :tions and dynamic effects of oil flowing our of the

began late in 1977. hearing pocket. These two problems combined to allow

oil leakage Into the roar cavity. The oil sump and

The internal resistance of FDX vas higher than ex- lip seal were redesigned to prevent this. For an

perted because of a high resistance bolted joint I.. oil scavenge system to work correcrl, a vacuuM must

the return conductor. If FDX was to discharge In be maintained to assure that air vill flow by the

one =illirecond this resistance would have to be seal into :he sump. Flu should be laminar at :he

decreased. sump inlet and large return lines and manifolds

should be used to assure that return flov is not
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costriczed. The rVX scavenge system vas zeuLlt to brush could not follow both surfaces. Detcuss Che

increas. the cross sectional Area of Cho scavenge brushes ert not support:ed close enough to Cho rotor

by addn$ -.* larger (1.9 cm) return passages. Also surface, a substantLl aoment Vas applied to the

Ai dam and S=All r4Sertoir were Zdded to the suSP. brush** casing thes to bind In their holders. Tht

44e dA st.-Its to force oil away Iron the rotating polyvur disphrsla us d to actuate the btushes was

shaft nd into tie reservoir to k*4p oil off the nor suffle.tntly atiff co prevent brush bounce ad

shft, raducinc turbulcnct. To avoid excessive It laked due to tears in mounting hol4s and resc-

horstpower losses, low loss seals had been used on rin with tho oil hich had leaked Into the rotor

rX. fcer a search for 4 suitable lip sQal, only cavity,

one uas found which could ptr-orm at the necessary

hi;h s;eeds uwch low losses. This was a .1ather lip me rotor brush mehni was redesigned to solve

sasl. Due to the roughness of the hard Anodi:ed these roblas at well as to iaplaent so", now

shAtc, it was necetssry to shrink fit A 4340 steel ideas. Tho rococ slip ring surfaces etre aachin*i

sloave on the rotor s"l shoulder (FIgure 6). to very close tolerances to assure chat they wee

4caue this ring was hardened And ground, Lc pro- round and the im diameter. They %tere hth bAl-

vided A suitable surface for the seal to r.%-% on. anted -n the bearings so the tocal runout was Iss

than 0.003 ca. This tuall runouc *akes It etsLer

for a brush to follow the rotor. 'he rebuilt brush
imehansam consiscs of 120, 0.61 cz wide Lnctered

-- t K copper gtaphi:e brushes supported on easch end by

j ~slatted fiberglssA reinforced epoxy rins (Figur )

________The brushes Are Activated by an air pulse behind

" cast polyurethane dLAphrgm and retrac:ed by two

- compression springs per brush (figure 3).

71 7

IF., - p.

Ftlure ot 'ather Lip Seal and Rebuilt SuMp

:urrant :olit.:Ion yavacts have aluays bten diff-

:In :, zopolar machines because of high .Agitteic

ft-lds. ar;e current donsictea and high surface

velocities. ,hle most brush =ochanisms ransfer Figure 7: FDX Rotor Brushes and Support Rings

zurte.t frcm a rotor to a stationary conductor, the

FDX rotor brush mechanism transfers current from Yore brushes are used on the rebuilt mechanism than

zne ritor :o Another spinning in the opposite dL- on the original nec.nism (120 vs 36) because of the

:ac:.;n. "'o brush in use before FDX had been run theory on the cur:eat carrying ability of brushes.

At .=cparable speeds or aurrent densities. There- chac discrete points of contact rather than tota!

tore a somewhat inique brush mechanian was required. surface area of contact Is important. 3 According

:he 2rigioal FDX rotor brush mechanis: didn't york to this theary, number of points of contact is in-

pr4periy for several reasons. Because the rotors dependent of amount of surface Area. Because the

-era each about .325 zz out of round, A single brushes are supported over their entire heighc in
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Figure St FDX lazor brush Mechanism

Then high resistance bolted joint in the return con-
ductors of M was eliminaced on the rebuild. This
was accomplished by ueldng tho coepen aing turn

ir
to the outer coaxial transmission line (Figures 9

and 10). Thii servted to decrease the internal
resistance of TDX. allowing a faster discharge.

* ~soend MD Viechirge Tests

A.fter the rebuild of FDX was completed, a second set

of rests vas performed beginning in fall 1978. Be-

fare Actepcing a short circuit discharge, it was Figuro 10: 1Velded Joint

necessary to cest the rebuilt co ponents as well as

ver fy that all other componencs were still function- The testing progra: called for a high spled, high

0ng properly. The roLar brush mechanism was activated field first discharge After careful evaluscaon and
with both rotors spinning, to wear in the brushes :estin; of the rebuilt components. it was desired

and to determine the :-ae required for the brushes to produce a one :illisecond discharge !roz. a re-
:a sea:. Since the rotor brush mechmnism required spectabl energy store. Initial discharges produced

longer to sea: than :he shoulder brash mechaniA, a choppy 240,000 A discharge and stopped the rotors

the two solenoids controlling the= were put on dif- In 20 =sec. The energy score was then lowered in

ferent olectricul circuits to allow the two brush an atttept to attain the fastest known discharge of
mechanisms to activate simultaneously. The Father a homopolar machine. This was achieved on Decenbtr

lip seal and rebuilt sump and return lies were also 21, 1978 when oscillogra=s showed a continuous short

tested with :he rotor spinning at high speed. N o circuit current output of 90.000 A that stopped the

leaks were evident and higher rotor speeds were rotors in 5 nsec. Results of that test allowed

possible due to :he lover losses of the new seal. calculation of bulk circuit par=ears as well as

After the perfor nce of the other components was in depth analysis of machine perfornance and ident:-

verified, several short circui: discharges were per- ficacion of problem areas.

formed with va.ying rotor speed and field.
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T o porctan pltcve of liscr c4 tct on were added ResetsAnce

In the FOX ctbuUd: a high resistcanct shoulder kzgu.
brush and a split and Insulated rotor brish There Is very lttlnl rotor speed

(Figure 11). This 5epatAted the tmmtnaL voltage variation betwen t-O And tpak
into useful cmoponents udr allowed analysls of the :3-- 5.3-
:%acIne's Uncer-nL opmracion. Up until c n 90,700

run, discharge current had not beet, continuous - 14.7 x 10 6 1
during the conplete dischag.e cycle. Walculaced Shoulder brushes

bulk circuit pArxaters from erra ic data were VW, .9
unreliable. The shoulder brush drop 2-L ,s con- K * 17A 90,700 - 9.9 X 10"  0
:Inuous in early runs but the brush drop from, 3-1 Switches
vAs choppy and folloved the current nonunilor-ai . Voltage drop Across - switches in pArallel
A dschar;t frm lover speed ich high volume A - .626 V.
accu-nulators plumbed to the rotor brushes produced The currents In the sivtches are -aured
:he first continuous current avavefor. vith h ll probts chat sense the to cot-

ponent of flux in the coaxial suitch.
M~chne Frsueers.626

(The rotors as referred to as Rotor I and Rocor 2). v - 2s x 0 6 .

Rocor .peeds .626
r 1 Lilco - 36 x 10-6 n- 1-88.5 s " (1800 r-pa) 5V _

.626
167.5 7'- (1600 CPU) X - 30500 * 20.5 x 1076 0

Enar -- Scored .626

1 R sIu -'v 1-300 - 34.2 x 10-6 n
, + (.04 6) (l s . ) 2 + (.0 6) ( 67.5 ) ,• .A .,1 ft" 6.85 x I0"6

~ol ~Coax Output SUB
5 V3 Vsw 5.33 - .626

tz) .V expernall aptk rtak " 90700
2!1V

7 a .177 V-sec 51.8 x 10-6
" •.177 ''

- 1 "(re:- riZ) -i(O.0Z3-.0058) - 3.23 Inductance

Produced by 223.000 A discharge of 5 V Slope of currenc r1se
ho-opolar into FDX AIR SORE FIELD COI+L A

WI 2.66 x 108 sC experi-ental
: -: - :.72 ' V-.3c-" - ,VIc-0+  2.3

ZClrent L'%3 a slope - Z.00 X 103

t - .0095 Ip - 90,700 expari-.ncal - 8.6 x 10"9 H

Capacicance Vjt-O - V 2 t-O 2.3
--* L1 " Slope ' 2.66 x 100

7, - 56. p -8.6 x 10"9 H

- 28. 1 F Lsu~tch - 5 x 10"9H (Roefernco .4)



Bulk Circui: current related because the rotor insctrentacaion

COAX Rc brush which dots no: carry current also bounced.

.Therefore current constriction and brush malting can

be eliminated as causes of bounce. The nmxintserLn

solution will orobably be the stoaration of tht rotor
OTORS brushes into cvo indevendenc rotor cracking a4cha-

L W  nisms. Also if expanded !lux plots In the rotor
Lr brush area show an eddy currant force, brush lenina-

L$ Re R tion may also be considered. The present mechani-i

functioned well enough to provide the 5 :ce dis-

SHOULDER BRUSHES char%* frou low energy scotrt which explored the fun-

damental limitation. New mechanisms will make fast

R€ 51.8 X to "  discharge homopolars viable pulsed power supplies.

RSW 6.35 X 10"  , @Q) .p -SPLIT.1S UATE.

-OULDER BRUSHOTR BRSH

Rr  14.3 x o',

Lr .6 x IO- H
Rs  9.9 X lo- s a' -,f f

L s  8.6 x 10- H j+/IGH RESISTAJCE
rINSTRUIMEUTATION

C " 28.1 F I BRU§H

RT- 107 x 10 n
Lr - 39.4 x 10"  !

Damping R 107 x 10
Coefficient W o 2/ 39. x 10 .3

28.1 Figure 11: FDX InsrunenatAion

R-c
Lt L 2.09 Conclusions*pa " 1 - 21 --" .00088peak I - 2716-332 Even though a one millisecond discharge of FDX was

no: achieved, further testing is varran:ed due to

Even in the continuous current discharge the rotor the very fast current rise timts seen in the second
instrumantation brush unseated at 0.8 msec into the set of tesc. Since the main problem with FDX is
discharge and reseaed at 3.2 usec. Total discharge iurenc breakup due to the bouncin8 of rotor brushes,

current never went to zero. This indicates that the the configuration of this mechanism must be changed

current repulsion between flo in the brush and out- to allow it to continuously transfer currant becveen

put coax is aiding the down force on chn rotor the two counterrotsting rotors. Experience from
brushes. The decay of the current waveform shortly both FDX rotor brush mechmnisms has shown that this

* after current peak did not follow the R-C decay cannot be done successfully by using a single brush

predicted from bulk parameters. The resistance bridging both rotors. A separate brush mechanism

change occurred because full brush seacing was not should therefore be used on each rotor with a flex-
maintained. Also it can be concluded chat the force ible, current-carrying strap joining the two. Also,
causing brush bounce is either mechanical or eddy because controlling the speeds of the two rotors by
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manually controlling air flow is dif!iculc, a cir- ". P. Wildi, "A Fast Mecallic Contact Closing
SuLtch for the TDX Experiment." Seminar onEnergy Storage, Coapression and Switching

speeda. at the Australian National University, Canberra
Australia and the University of Sydney, Sydney,
Australia, November 15-21, 1977.

The 5 millisecond discharge achieved by FDX is the

fastest discharge ever for a hoeopolar machi e.

Still, the fast current rise times demonstrate chat

a shorter discharge time is possible. A second

generation fast discharge machine would be very

sizilar to FDX with two significant changes. Two

separate rotor brush mochanisms, as explained above,
would be used to transfer current between the two

roto . A steady state superconducting field coil

would replace the present pulsed field coil to pro-

vide the necessary high field. This superconducting

coil would allow higher fields if necessary, enable

che uniformity of the field to be controlled and
allow the rotors to self motor. Also because the

field would be steady state, the return conductors

could be made of copper rather than aluminum, thus

decreasing the resistance of the machine and in-

crossing the output current.
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PULSAR: x; i2DuawIV rLLSE POUIR SOURCE*

E. C. C11AXE, W. P. BROOKS, and M. COWN,

Sandia Laboratories

Albuquerque, I 87185

Abstract with metallic armatures the pulse rise tine ranged

The PULSAX concept of inductive pulsed power source from 80 us in the radial mode to 600 us in the

uses a flux-compressing metallic or plasm armature axial mode. Comparison between predictions and

rather than a fast opening switch to transfer mait- experiments showd that PULSAR perormance with

ncic flux to a load. The inductive score may be metallic armatures could be accurately anticipated.

a relatively unsophisticated DC superconducting However, for some applications there is Freater

magnet since no magnetic energy is taken from it, interest in the much faster rise times uhich can

and no large current transients are induced in it. he achieved with plasma armatures. Unfortunately,

Initial experimental efforts employed either ex- with plama armatures it is such more difficult

pendabla or reusable metallic armatures with a to match theory and experiment. Therefore, to

200 k, 450 sm diameter superconducting magnet. establish dependable scaling laws for plasma arm-

Attention is nov being focused on the development tures an experimental program is being carried

of much faster plasma armatures for use in larger out, to extend generator size into the "full scale

systems of one and two matres diameter. Techniques region. This will be done with low energy magnets

used to generate the required high magnetic Re- to keep costs down. The program calls for con-

n nolds number flow will be described and initial struction of two additional experimental genera-

experimental results will be presented. tors, one utilizing a 1 m diameter, 200 kJ marnet
and another with a 2 m diameter, 2 .J magnet.

Introduction Figure 1 shows the original 0.45 m magnet and the

PULSAR is a system which produces pulsed power byN
magnetic flux compression with metallic or plasma

armatures. A superconducting magnet supplies the

flux and chemical energy produces high magnetic

Re)nolds number armatures for the compression.

Various forms of PW 12have been proposed for

use in coal-fired and inertial fusion power plants

• as topping stagcs which have the potential of in- -

creasing plant efficiency to greater than 502. As

a prime pulse power source PULSAR becomes more

economically attractive the larger the required

pulse energy. It becomes competitive at about

10 .uj when its dimensions are the order of a few Fig. 1. One m and 0.45 m Superconducting
Magnets for PLLSAR

Cleres, new I m magnet which will be involved in generator

The first experimental model of PULSAR generator experiments during the later part of 1970.

emploved a 0.45 = diameter magnet. When tested this paper will describe a new technique for gen-
*This work was supported by the U.S. Department of erating the required high magnetic Reynolds number
Energy.



3440

plasma Armatures which will be used for the larger

systems. Results obtained with the nov technique

in the 0.45 a system will be presented and compared

both to those obcained in previous experiments and .Ot"eea,

to predictions of a numerical model.

Plasma Armatures

previous piaes. armature systems consisted of a -/ .f I
centrally located, axially initiated explosive

charge that was used to radially expand a weakly "'Er J "

preLonizod deuterium gas. The beat performance of

such a plasma armature produced only about 1/50th

the currant of a radially expanded metallic arm&-

ture. In contrast, results of a computer modelr2 Fig. 2. Schematic for Producinpg
of tch plasma armature predicted about the same High Speed ?la= Flow

peak current as that from a metallic armature due center of the assembly and tvo electrically detan-

to ohmic heating of the plasma front which "boot- ated cplosive plane wave generators 5located be-

strapped" the conductivity to high values. The hind blast shields drive high speed flows which

suspected reason !or the disagreement Is that the stagnate and expand In the lenarator coLl as shown

code does noc allow particle exchange between in the figure. The shields were designed to accow-

:ones so mixing and cooling at the explosive-as modate straight gas flows through the connecting 0
interface is neglected. Because the flow was sub- channels or flows converged from larger diameter

sonic, these processes were probably very important, explosives Into the channels for still higher ve-

but accounting for them would hav.n required major locities. 6  In addition, the channels were obtained

code changes. This was not warranted since plasma in 0.60, 0.90, and 1.50 a Ilngtha to determine the

Armatures produced by this experimental systam effect of channel length on plasma armature quality.

were clearly inadequate. Instead, a new experi-

mental approach was developed which more nearly Experimntal Results

Approached the conditions of the optimistic code. The experimental setup to test the plasma armature

A upersonic plasma-producing armature system was system depicted schematically in Figure 2 is shown

developed. Supersonic flow produces a shock with in Figure 3. At the time of the test, the LHI

clean "test gas" between the shock front and the dower is removed from the test area and the super-

explosive-;as contact surface.

The magnetic Reynolds number of the plasma flow is- 1

iEven by

n - uGovL -

-here iis the magnetic permeability, a is the "

plasma conductivity, v is the plasma velocity and

L is the plasma flow distance. Since the conduc-

:ivit7 is proportional to T 3/2 and the temperature V

behind a strong shock is proportional to v , the .

magnetic Reynolds number is proportional to v

The technique we have pursued to obtain higher . " "-"

velocity flow is illustrated in Figure 2. The PUL-

SAR magnet and generator coil are nested at the Fig. 3. PULSAR Test Setup for
Ifgh Speed Plasma Armatures



conductin; magnet is operated on its own L114 reset- in the leakage and load inductances exceeded 1200 3

volr. The 10-c dianeter plane wave generators but 80. of this vas in the: leakage inductance. For

vc:c mounted about even with the open end of the full-scale PULSAX svstens, the raci of load to
conical blast shields and the lo pressure gas leakige inductance energy vill grtatly favor the

channels extend !rom the explosive to the central load.

expansion chamber. Gas flow velocities in this

syste= were about 20 kals axial in the channels Conclusions

and 10 to 15 ka/s radial in the central chamber. A new supersonic plasma rmature system produces

Output current pulses oepsured in the standard an order of magnitude better flux coopression than

0.55 uH load for the three chancel lengths are the old subsonic one. Experimental results indi-

graphd in igure A and have been aligned to acate that soot bootstrapping of the conductivity

common :ero time. The magnet current for this by ohmic hoating did occur but not as such as a

test series was 2/3 of maximm so the output can rumerical model has predicted. Skin depth in the

be scaled up by 3/2 for comparisons to previously plasm armature vas about 3 cm which for a small

reporrad tesults. the dependence on channel system precludes the delivery of a large fraction

of the generated electrical energy to on external

V.L&-A ApuQ P"51. load. This vill not be a problem for full-scale

Ht, plama armatures even If plasma proprcies do not

improve.
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15.1

PRELLMMA INMUCTlVE ENERGY TRANSFER EXPERL'iE:S

R.P. HENDEPS RS, D.L. SMIT, and R.E. RZIOVSMV

Air Force Vespons Laborator)
Kirtland ATS, Noew exico

Abstract is characteri:ed by how quickly the openin; switch
The use of inductive storage systems: has been can interrupt the pri-nry rejt and transfe'
studied as an attractive al.ttrnative to the more energy to the load withou:t dissipating an unaccep-
conventional capacitive energy storage systems to tably large fraction of the stored energy. The
drive a cylindrical inloding plasma and produce peak current and voltage across the switch are
X-rays for nuclear simulation. Preliminary experi- also a measure of its performance. For a matched
=ents have been conducted using a 200 kJ, 4us ca- inductive load a maximum of 25% of the initial

pacitor bank and a 100 kJ, lus capacitor bank to energy in the storage inductor can be transferred
explo:e the basic performance of electrically to the load3; however, a significantly higher
exploded foil optning switches. Paskv-olta; add fraction can be transferred if the load is dissi-
opening time have been characterized as a fur'- pative as in the case of a SHIVA implosion1.

ton of quench media and capacitor bank risatime.
Risetiae and energetic efficiency of current Extrimntal Arrange int

transfer to inductive dummy loads have also been Two capacitor bank systems were used for these

measured. These experimental results are contri- experiments. Both banks are discharged by multi-

buting to conceptual designs for a 1.9 MI capaci- ple pressuri:ed gas, field distortion rail gap

tor driven inductive pulse shortening system. switches connected in parallel. The operational
characteristics of the two facilities are as

Introduction follows:

In anticipation of applying an inductive pulse Total Energy (k) 200 1101  Charging Voltage (kV) 50 100
shortening circuit co the SHIVA system, investi- Bank Capacitance (uF) 158 22
gations usin; metal foil fuses as fast opening Primary Inductance (nH) 36 26
switches are being conducted on two intermediate Quarter Period (us) 3.7 1.2

energy systems. This experimental effort is aimed Currents and voltages are monitored on oscillo-

at verifying the operation of electrically exploded scopes and transient digitizer# to facilitate the

foil switches at high currents and fast risaetimes interpretation of the data. Currents are measured

to permit scaling of these switch designs to higher with Rogowski belts which can be integrated both

energy (2 FJ) systems than those which have been passively and actively as desired. Voltages are

previously explored2 . A general schematic diagram asured with resive divider high voltage probes.
of an inductive pulse forming circuit is shown in Figure 2 shows a cross-sectional edge view of a

Fig. 1. For the near future the primary energy typical single folded fuue package. Rectangular

storage device consists of a dc charged capacitor metal foils are folded around an insuator and

bank which discharges through some storage induc- clamped to transmission lines at opposite ends.

tance and an initially closed switch thac opens at The medium which must rapidly quench the expand-

peak current. A load in series with an initially ing vapor/liquid from the exploded foil is packed

open isolation switch is placed across the opening on all sides of 3he fuse. -he criteria originally

switch as shown. The performance of such a circuit reported by Maisonnier3 placing conditions on the
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fuse cross section in terms of the system capaci- in A fuse 0.7 c*4 in cross section and 21.& c=
canes and inductance. initial bank voltage, and long. This fuse would produce a resistance of 60 ai

the -use material properties is used as a guide at similar 4nergy densLcies. Such .1 switch Is very

for these fuse designs. attractive based on the concepts of projected load
performance

Simple Fuse Results
Malr c and ccupucacional models of the switching Qench edia

requirements imposed by future imploding plasma The final fuse resistance values and the corres-
experi ents imply that the two relevant parameters ponding resistivities same to be influenced by the
are the switch opening time and the switch final choice of quenching media in the switch packages.
impEdnce. From the ode)s openig ines of 350 na lectrical and mechanical considerations in the

or less are required, and final impedances of the design of a full scale system suggest tht a large

same order as the n final impedance of the La- number of small packages" say not be acceptable and

ploding SHIVA load are necessary. xperiments have that the use of thin (preferably solid) media may

been conducted on the two test facilities employing be preferred. Thus a limited survey of quenching

both copper an4 aluninum fuses quenched in glass material was conducted, and the results in Table I

beads of diaeter 62 to 105 im ("Blast-O-Lite" rank the different media (for one aluminum foil

BT-12). Figure 3 shows current and voltage data geometry) with respect to the maximum fuse voltages

ir= a I ail (.0254 ma) copper fuse interrupting (V P), the minimum iull-width-half-taxim (FMIV)

1.5 ,MA and generating a voltage of 220 kV (A.4 of the voltage spike, and the highest peak fuse

multiplication) on the 200 kJ facility with a current ( p). The combination of material refers

current risetie of about 3 us. Taking the FPWM to the media used outside/inside the hairpin folded

of the voltage pulse as an Approximate measure of fuse.

the risetine of the impedance, the temporal com- Table I

presuion (tine of peak voltage/ND) Is just over .0 'u lank Vp F v Ip

10. Data from an experiment on the f ,star 100 kJ Beads/leds 1.00 1.00 1.00

experi=ent which was designed to interrupt the leads/Mylar .97 .99 .98

same peak current (1.5 ?A) using a I nil aluminum BIB1 .95 .71 .92

fuse Is shown in Fig. 4. Te fuse generates a AP'/A
F
P .86 .71 .99

270 kV pulse (3.3 multiplication) of 120 nas width FC/PVC .79 .73 -

for a 12.5 ceporal compression. PVC/PVC .59 .56 .92

LIV/1, .45 .91 .99
From the data in Fig. 4, the resiscance of the fuse Hlarl.ylar .28 .45 1.00

can be calculated after suitable inductive calcu-

latlons are applied. And hence a resistivity for 1.0 us Bank

the '0 cm x 20 cm x I mil thick fuse can be found. Beads/Beds 1.00 1.00 1.00

.his resistivity, vhich is plotted in Fig. 5, shows Beads/Hylar .55 .86 .90

a peak resistivity of 2.5 mf-cm, with the last 90= 51/31 .35 .67 .90

of the rise occurring in 100 ns. The peak resis- Similar studies with similar results for near-

tivit7 occurs at the ti-e of peak voltage and when .sisonnier copper fuses (no load) have been performed

the current ha s fallen to less than 20% of its peak at the Los Alamos Scientific Labs . For the above
value. As the current falls to zero, the resis- results BI, AFB, FC, PVC, and MN, refer to .19
:ivitv found from V /I takes on widely fiberglass building insulation, acoustical fiber-

correctedfiegasbidninuto.
varying values which are suppressed In Fig. 5. At glass batting, fine fiberglass cloth, polyvinyl

peak resistance the fuse has dissipated 70 MJ of chloride sheets, and liquid nitrogen respectively.

energy for a specific energy of 13 k/g. Scaling The conclusions from this survey are thac foil switch

this data to the large (2 .J) experiment r. sults
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packAges with glass beads on both sides or on one resistance 7 should b&

side with mylar backing ara preferable for optimum L

fus ptrios-snce, absorbing Acoustical shocks, [
Cracking, and restrike holdoff. Coarser sand or oc

beads appear to result in significantly longer prote t o e ; hich fuslesisce of 10-
6. beexpcte to proximately 40 =4. which Implies a -.1setLate of 160 ns

turn-off tmes Fil vapor cab which Is slightly longer than the measured risetLa.
expand at speeds of a !-action to ew = . Analysis has shown chat the :ime of the output switch

T~hus material within on* millimeter of the fuse closure is farly critical, And Although current rise-
foil may be expected to be Involved in the quench- ws good, current transfer w~s less efficient

ing Action. Folloin a fuse shot, brittle twhan e gpected presuably because outpu a s tch no-
"'poc to chip" section of the quenched fun* ater- ta ~ce rsmbybcueotu vchcop~taO CI~psecton ~. .. maer- sure prevented proper operation of the fUSe.
"al may be recovered when the glass beads are

used. A edge view of one of these I = thick Conclusion

Sections Is shown in the top of Fig. 6 with a By designing fuse geometries to somewhat less ( 701)
1OOX magnification using a scanning electron micro- than the %Iasonnier criteria the prospects for ef-ficient high energy transfers to a load appear to be
scope (SEM). The fuse foil was origionally to good, aspecially when a low-jitter output switch is
chi left of the loosely packed beads, and the heat incorporated into the circuit. Fuse experimen.S on

a facility slower than the SHIVA system and on one
!ro= the switching action apparently melted and that is faster indicate that 200 - 300 ns pulses can
joined hth beads nearest the fail. The beads be delivered to the SHIVA load. The observed fuse

resLatvitLes are promising according to the S.IVi
.farther from the fol are connected by "cold parameters, and the glass beads will be the pr'-ary
solder" joints of the recondensed aluminum. The quenching material for upcoming inductive storageapplicat ions.
top right photograph shows the aluminum to be

uniformly deposited throughout the depth of the References
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APPLIC._& . OF MR CAPACITORS 11% 1111 POWETR SYST!V.S

ROBE.RT 0. ?ARJXER

Hughes Aircraft Company, Culver City, California

Abstract store is discussed. The problem of application In
hostile environments is examined. Present experi-

The 4pplication of lightweight reliable mental results are revieved, and projections of
capacitors in a mobile energy store is dies- achievable weight and volume for mobile energy
cussed. The relationship of system design store are made.
para=eters to capscitor size and life Is dis-
played. Electric fields and weights of a
21 JIib and a 77 J/lb pulse discharge capacitor APPLICATION
dasi~n Act given. Esti-mates of future near-term a re =tv en. artimades. f nny systen level paraaecers affect :he appllcA-

tion of pulse-discharge capacitors in a reliable

mobile snergy store. These are:

NI1TIODUCTI2' s Pulse width And shape

In the vast majority of aerospace applications, the * Load impedance
capacitor -A be successfully treated by circuit e Pulse repetition rate
and system en$inters as a black box contalning an
essen:ially ideal passive circuit lrenc. Capacl- a Charge voltage and vaveshape
tors are normally applied well within their ratings, e Bura duty cycle
and are designed extremely conservatively, even for
high voltsS applications. Recently, however, a * Load atch
new class of mobile pulsed-power systems has a ThermAl impedance of mount
emerged. In these systems, a capacirative energy e Available cooling
store may comprise a substantial fraction of the
weight and volume of the entire system. Beca :se * Operational temperature range
of the "black box" design approach, system param-
eters are often aelected without A clear understand- * Air pressurelalticude
in% of their combined effect on the weight, life, a Air quality-contaminants
and reliability of the energy storage capacitors.
Since a major design goal in a mobile system is to Each of these impacts electrical and :he.-l fall-
reduce system si:e and weight, designs are some- ure mechanisms. In the sections below, each
tines produced for which no appropriate capacitors parameter Is discussed and its effects displayed.
are available, or in which non-ideal capacitors The motive here is to show how -, make the oper-
rust be used In a ake-do situation, resulting in sting environment less severe; a l4ss severe
generally unsatisfactory component performance. environment allows smaller, lighter, more reliable

capucitors.
The designer is hampered by the total lack of all

but rudimentary data on the application of the con- PULSE WIDTH AD SHAPE
ponenc, often because no testing has been done by
manufacturers or published in the literature. The These two parameters determine the frequency spec-
manufaccurIng processes themselves are poorly con- trum and relative magnitude of the discharge cur-
trolled, resulting in high part-to-part non- rents for each PFH capacitor. For a system where
uniformity as well as lot-to-lot non-uniformity, all other parameters remain the same, a shorter
Finally, except for measurements of capacitance output pulse results in a larger amount of power
and dissipation factor, no industry or military dissipated, and therefore a hither operating cemp-
specificalions or standards exist for the measure- erature and shorter life. Similarly, a given pulse
=ent of various parameters Important to pulse dis- width with iaster rise time requires more PFN sec-
charge application. tions, and this has the same effect as a shorter

pulse.
This paper discusses the application of laro
capacitors in high power pulse formnIs networks. It is easy to show, for a given energy storage, that
The Impact of system parametccs such as pulse the power dissipation is linear in 11/. where T is
width, pulse rise tfmc and repetition rate upon the output pulse width. This ignores the fact tha:
the weight. !!:a, and reliability of the energy dissipation factor is not constant with frequency,
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buc normally this is not as large an effecC, and LOAD 4ATC
ust be vorked out for each Insulating syscem.

The pulse rise time will be approxinately 2rI(2fl), It is nor-ally possible to match the energy
where I is the ntmber of PFN sections. As the a=.- store co the load within a few percent,
ber of sections Increases !or a given energy. the even for loads which exhibic complex ti.me-
frequency dependence of dissiptcion factor (or ES) dependent cransfer chAracteriscics. failure to
will generally cause the power dissipatio|I to match the load rtesult* in A large voltage rver-
Increase. sal. This drastically shortens component life,

The system level result is shorter-lived,
LOAD 11EDA-CCE extremely heavy components, with weights being

between 2 And 5 times as large as vhAc would have
Low impedance loads Are more difficult to drive bee possible with a metched load.
because they require high currents. Real problems
arise only if capacitor currents Above about 10 A wSSZI nE T wM.IL zSIDETIOS
are necessary, because of the extreme mechanical
forces. The thermal Impedance of the mounting and the

available cooling deteri ne the temperature rise
PULSE REPETITOM T during a series of bursts over a timt lqnter than

an hour. It is important to provide cooling to
The pulse width and ohap* determine the power limit this rise to prolong capacitor life. The
dissipated in the capacitor for each pulse. The absolute temperature reached depends on the oper-
pulse repecition race determines the power dissi- ating ambient. Systems which operate in high
paced per unit time during the pulse burst: mbLent or with poor cooling will be several

PX times larger than the ideal.
burst pulse ATI U DE

This, in turn, is linearly related to the internal
teperacure and thui to capacitor life. Tvo mportant problems obtain from the operation

of an energy store at high or variably altitude.
CPARCE VOLTAGE MID WAVTSIIE One problem is that ic is difficult to provide a

highly reliable tersination for this service; the
Very high chrLing voltages cause an increase in second problem is the variation of atmospheric
veight. because additional interconnections and pressure may cause pressure variation within the
insulation betveen case and capacitor e*emnc are oil-flled components in the energy store.
required. Various curves have been presented. One
rule of thumb is 5 percent weight increase 20 co The termination and interconnection problem in this
20 V, 10 :o 15 percenc Increase in the 30 to 40 kV type of system In a variable pressure environment
range, and at least 20 percent increase above 4O ky. is severe. Prototype systems usually employ make-
3ecause very hi;h voltage capacitors require addi- shift non-demouncable high current connectors.
tional series sections and cherefore additional Normally available high altitude high voltage con-
incrconnections, overall reliability is lower. neccors cannot handle the high peak currents and

the large MS currents during the burst. Probably
Charge waveshape effects the capacitor dirsipation the best solution is to fabricate custom connectors
during the charging cycle. Surprisingly, systems for each inscallation.
have been designed for which the disoipation during
charge was as large as the dissipation during dis- If the cases of the oil-filled components are
zharge, and since designers normally ne$),cct charge flexible, as are most light-weight cases, the
lissipation, such systems normally burn up. Same reduction in pressure at high altitude causes a
dielectric systems used In energy storage capacitors reduction in the pressure of the oil below stmos-
have ver/ high dissipation factors ac normal charge pherlc. This is well known to cause Lmrediace and
frequencies. It Is wise to ucili:e as much of the significant degradation of corona Incepcon voltage,
interpulse spacing as possible to charge the store, and will cause short life and premature failure.
since power dissipation increases as the peak cur- Flexible case-s must be supported or other methods
rent increases. musc be used co maintain oil pressure under Any

operacing condition.
BURST T1 CYCLE

AIR OUALITY
A capacitor of average dimensions (5 x 5 x 7 in.)
or larger has a long thermal time constant, because Some mobile inscallacions operate in high hu=idity
even with heavy foil, the capacitor element has an environments or other situations where prototype
edtremely poor thermal diffusivity. Time constants connections and terminations will cause substantial
are in the range of saveral hours. Therefore, the system malfunction. Interconnections of the type
burst iuty zycle decermines the highest soerice used in high altitude operation are usually suf-
temperacure seen during a given mission. Since ficienc to protect aguinst these types of --Lfunc-
the time constant is so large. variation of burst ton. However, the added weight of these extra
length and spacing on a scale much smaller than the precautions needs ro be considered.
time conscant has little effect on the temperature,
provided the energy transferred remains the same.
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RECENT EXERIMMAL RESULTS b) Vioctylphthalat 1I ortnant -Averat6 Field

As has been discussed previously, the unavoidable.
failure mechanism In a well-constructed capacitor 'Iaterial Field Wiml
is unifor= corona damago At the foil ekdges. In

0this section, sctvcral dielectric systeu presently Paper V-30
In use art described, and altciric fIflds for Plastic 5266
satisfactory operation with 101 to 10 shat lile Fluid 2761
Are given. Several complete capacitors Are dos-
cribia, And their energy density displayed. The higher average field possible for the higher

dielectric constant impregnant is du* to better
CAPACITOR $T11MAURE field balance in the dioctylphthalate part. The

"te capacitor structure tested is a flat-wound In th same haioase ope-ran electiv V01%3$d2
*olcapacitor employing liquid impregnAted five LUmiting fields occurred in tha fluid with mineral

layer dielectrics. All capacitors to be described oil, and in both paper and plastic with dioccyl-
enployed SIB kraft paper and polysulfont as the phthalate. Same improvement may be possible In
dielectric, and either mineral oil or dioccylph- this design, but no more than 10 percent.
thslatt as the fluid. Capacitor sections were
made In the range 1.1 to 3.3 uP, with anticipated C047LETE CAPACITORS
operating voltages in the range 5 to 7.5 MV

*Complete capacitorz valued 2.2 uP 15 kV were Two different couplet* capacitors have been
aseubled fram these coxponents. assembled, bqth with 2.2 uF 15 kV rating. un*

design euployed mineral. oil, and was designed at
It was determined by a series of Indirect measure- moderate stress and ith sturdy construction.
tcents that. the thickness of the oil layers in% these The operating fields were:
components was 1.0 us for each pair of surfaces.
Thus, a component with 5 solid dielectric layers Material Field '.'Iil
also contained about 6.0 um; of fluid. This is

*ayproximately 32 percent less fluid than Is nor- Paper 1901.
tally found In an oil-filled capacitor. The Plastic 2918
extreme thinness and uniformity of the fluid Fluid 41113
layers is thought to be partially responsible for
the high layer operating fields and uniform degra- This component was very reliable, and had life In
dxtion found exptrimentally, excess of 106 shots on a routine basis. The

second component used dioctylphthalate. and was
ELECTRICAL SERVICE CONDITIONl designed fcr absolute minium weight. The oper-

ating fields are listed in the previous section.
Tests on all components and sections were run with A breakdown of the weight of each component is
a =inImum duty profile of 300 pps for I minute. shown below.
with 2 hours becteen bursts. Components were
tested In an apparatus which duplicates frequency Design 1 Design 2
distribution and current magnitudes of PPM oper- Item Q&ISht VIeiht
ation. Discharge pulse width was 20 us, and
voltagt reversal was 25 percent. Expected life Sections (wet) 3.126 k& 1.126 kg

*was 101 pulses minimum, or 5.5 full bursts. Case 892 S 96 &
Terminal 57 g 57 g

LIMITING ELECTRICAL FIELDS Case Insulation 546 t 102 g
Extra, Oil 599 a 101 8

The maxium fields found for two diffe rent impreg- Totals 5.22 kg 1.482 kg
nants at reliable life greater than 105 pulses are
showrn in the following table for otherwise identi,- Specific Veight 20.88 C13 5.93 G/J
cal structures. True Energy 3 3

a) MIneral 011-?npreenAny - Averae Field Density 0.087 3/cm3  0.265 J/cm
3750 Vfmil "Energy Dtnsity" 21.7 3/lb 76.5 3/lb

Material Field V/uil

Paper 2424
Plastic 3714

*Fluid 5235
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The %C electric fields being reached over a large
Area of the polymer film in dtsign 2 are about
70 percent of he ishorL-term small area "Intrinsic"
breakdon ces: value for the film. The failure
analyses indicate chat, wich the present designs,
the limit for the paper is also quit& close. It
is therefore esciu.cacd that. at beat, a 10 percent
L:prov m nc in field is possible vihout foil edge
modification. This translates to a 21 percent
I=prov*%enC In "energy density".

ESTIMATES

For the aid of systems engineers, herewith is a
short discussion of near term improvemenc possi-
bil#ies and real values for real systeii.

ULTI.ATr fENMY DENSITY

Using presencly available macerials and techniques,
the absolute best attainable energy density for an
individual capacitor in a metallic case vill be in
the rang. of 80 to 110 J/lb for the type of service
discussed above. ror DC service with low ripple,
short-lived but reliable components may be
designed in the range 200 - 400 J/lb. Componencs
Intended for customary military usage vill be a
factor of 2 heavier, because of stucdy construc-
cLan and the necessity of vide temperature
operation.

I .?0V'F- ,'T

Two avenues ire open for the improvement of these
figures. First, toil edge treatment has shown
promise in raisin; corona inception volCages of
small sections of foil edges, the improvement being
about 15 percent. Second, improved solid sheet
dielectrics could be made, either by improving the
mechanical perfection of the films or by modifying
them to provide improved electrical properties.
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SAFETY OUNMIN4 SWITCIES IN LARGE EXPE.R lETS; GENERAL CONSIDERATIONS
AND THE TEXT APPLICATIaN

Paul Wildi

Fusion Research Center
The University of Texas at Austin, Austin, Texas 73712

Abstract

The electrical installations of a large fusion connected to 2lectrical power sources through

experiment present =ny potential dangers such as grouding and/or short circuiting switches. Such

residual charges on capacitor banks and cables, switches are necessary even, if in the normal pro-

power rectifiers and other related pownr supplies, cedure, the circuits are deenergi:ed since there is
etc. The commonly used voltages of I to 20 kV are always zhe possibility of maliuwction. Typical

lethal and the available power is sufficient to hatards are, for example: residual charges on

cause severe arc damage. capacitor banks and cables, r manence voltages of

IMAny experiments require frequent safe access wi h rotating machincs, residual voltages of phased out

a minimun of time loss by both operatin: personnel rectifiers, etc. The voltages involved in typical

nd experiunters. Safety must be automatic since power supplies of fusion experiments are high

thz people ;nvolved are likely to be preoccupied enough to be lethal, and the sources have a low

%ith the experiments. impedance and very high current capability. There-
fore, a flashover can lead to heavy arc damage,

The paper reviews some commonly employed practices both to personnel and equipment.

.and discusses the adequacy and safety of various

grounding devices. The safety grounding scheme Some Commonly E=ooed Practices
for the TEXT Tokamak is described. Specially de-

signed switches, their contact and operating secha- In utility systems rather elaborate clearance pro-

hssm, are shown and the integration of the switches cedures are used before any personnel are allowed

in the overall control and safety system is to wrk on high voltage carrying equipment. These

discussed. procedures normally include disconnection, groun4-

ing a: several locations and redundant checking at

Introduction several levels of supervision. The procedure is
r very reliable but time consuming and not suitableLarge fusion e'perimen:s have m=any high voltage for a laboratory operation.

carrying circuits which can be dangerous to the

experimenters. Generally, the experimental area )4nual grounding with grounding sticks is very

is cleared of personnel imediately before a shot, popular in a laboratory experiment. It is adequate

but the nature of the uork requires frequent access when used as a redundant grounding in deenergi-ed

by people primarily concerned with their experi- circuits, but rather dangerous when accidentally

ments, often being under ressure of time and not practiced on a hot circuit such as, for example,

paying much attention to safety. it is mandatory a charged capacitor bank where the discharge flash

to institute safet7 procedures which cannot be is liable to cause ear and eye injuries. Since the

bypassed and to secure all conductors which are zethod depends upon the discipine of the people
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using it, accidents may occur due to negligence or running a multitude of smaller experiments. ,s a

forgetfulness of the personnel Involved. consequence there will be many experimenters and

Grounding switches of modest current carrying some will be unfamiliar with the device. There

capability of the high voltage contact type are will also be the need for frequent access to the

con.only used on capacitors, very often with test area without undue time loss. Under these

current limiting resistors in ieries. These are circtustances the best solution appears to be an

norz-ally solenoid operated ard closed by gravity automatic interlocked system as schemtically In-

or spring action. For high power sources their dicated in Fig. I. Interlocking is such that the

current carrying ability is generally too small. safety switches are permitted to close only after

the power supplies are deenergi:ed. In turn, the
Some grounding safety switchos have been built access doors are unlocked only after the safety

using the old grounding chain as a contact system. switches have transferred to the grounded position.

They consist of some hand operated mechanism The Interlock scheme further provides for Switch A

lowering grounding chains over exposed busbars. to be closed and the main switch to the toroidal

The presumption is that an accidentally energi:ed field power supply to Ie opened before the dis-

circuit will Initiate an arc before any personnel charge cleaning switches can be transferred. In

gets in contact with the hot circuits, this operating condition, personnel access to the

Tokumak Is permissible. Additional surveillance
.ea, .t. by theexperimenter will still be required (for

example, closed circuit television), and all per-

___r__l _ sonnel will be asked to observe warning lights.

Rating of the Switches

Except for the contingency of a control malfunction,
o 1,( lq- the switches will always make and break deenergi:ed

circuits. However, they are laid out for the high-

' 14 1 N est possible short circuit current, both dynamically

and thermally. This is In order to insure safety

PWR. should, for some reason, a circuit be energi:ed
SUPPLY - during the personnel access period. Since switches

of the same type are used to connect the discharze0
cleaning power supplies; the contact systems are

TV9641 U I Ialso designed for a continuous duty. Transfer time
Said is of little Importance as long as it does not

delay the personnel access and is arbitrarily set

at 10 s or less. Insulation level is 10 kV which

is 5 times tha highest service voltage. The nominal

ratings are tabulated in Table I.

Fig. 1. TEXT; Diagram oi Safety Switches An attempt made to procure commercial switches for
and Trnnsfer Switches for Discharge this duty was abandoned for economical and avail-
Cleaning

ability reasons.

Gaounding S'stem for the TEXT Tokamak

the Texas Fusion Plasma Research Tokomak(' ] is

planned as a user facility for the purpose of
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Fig. Z whih 4hows the switch in the closed posil-

Table I tion. I is a sliding contact design with : cylin-

Switch drical moving contact of 4" diameter and 3/8"

A, I copper waill. The stationary contacts are rings

_f I _ _ I_ _tted with zontact spring bands (1W4LTILAW G)

!Peak current kA 40 400 guaranteeing an adequate sprin y connection be-
I utween the stationary and the moveable contact.3 see current kA 20 160

Continuous current kA 1.2 6 Rating of the switch is based both on r-nufacturer's

fdt 10As .It data and experiments performed with the sameTest voltage (de) material on a plug-in contact [ | and suitably

(open gap and to deated to guarantee an adequate safety margin.
ground) kV 10 10

t aThe two moveable contacts arc cemented on a glass. de of operation pneumatic el. motortu laepoxy tubular support which at its end carries a

nut engaging in the drive screw. This screw Is

Desin Features driven by a gear motor, the direction of which can

be reversed to produce motion in either direction.
Switch A, the protective switch for the poloidal Auxilliary switches operated directly by the move-

coil system is shown in Fig. 2. It is a four pole able contact assembly assure stopping of the drive

knife switch with grounded blades. In the closed motor in either end position and serve as remote

position the switch shrrt circuits and grounds the indicators for the position of the switch and for

outputs of all three poloidal field supplies and the purpose of interlock control. Since the screw

the coil system. The fourth pole of the switch is drive-gear motor combination is self-locking,

a spare for possible future use. The switch is mechanical end locks were not necessary in :his

driven by a pneumatic cylinder controlled through design.

a solenoid four way valve and is mechanically

latched in either end position against accidental

motion. The contact system consists of dual an auxilliary power supply to the TF coil which

copper blades straddling the stationary contacts. will feed 5,000 A into this coil system during dis

The blades are spring loaded and so designed that charge cleaning of the vacuum torus.

the electro-magnetic forces of the current increase References:

the contact pressure. The key data of the switch (1) P. Wildi, G.L. Cardwell and D.F. Brewer,

are tabulated in Table 1. "Design of the TEXT Toroidal and Poloidal
Field Coils," Seventh Symposium on Engineer-

n(B), but laid out as a ing Problems of Fusion Research, Knoxville,
Tenn., October 1977.

double throw switch, is used to connect the poloi-

dal coil system to the discharge cleaning power (2] Paul Wild', "Contacts for Pulsed High Current;

supply. Switches A and B are pneumatically inter- Design and Text," IEEE 2nd International PulsedPower Conference, Lubbock, Tx., June 1979.

locked so that the discharge 
cleaning can only be

activated if switch A is in the safety position.
This work was supported by the U.S. Department of

Switch C, the protective switch for the toroidal Energy.

field system is designed for a peak current of

400 kA, and since a switch of identical design is

to be used to connect the toroidal field coils to

a continuous dc cupply during discharge cleaning,

it had to be laid out for a S kA continuous current.

The design chosen for this duty is pictured in
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stctm A sction B

Fig. 2. Grounding Stcch for PF Coil System

I) Hutn frame 6) Stationary contacts
2) Operactn cylinder 7) Hoving contacts
3) Drive lever 8) Ground strap
4) Shaft 9) Locking nechanism
5) Terminals 10) Control valve

Fr S h -r S

LL _r .
®t 1

Fig. 2. Grounding Switch for PFC Syste m

1) TerMnai plates 6) Insulating support
2) Stationary contact 7) Tie-rod
3) .rving contact 8 ) Drove dotor
4) Insulating operating rod 9) Chain drive
5) Operating screw (a) and 10) Auxiliary sitches

nut (b)

00
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15.5

"-1XUCT X.Cr At= F-SISTX;Cr. C11ARCTEISTICS Or S1NGGLr-SIZ UrRIGGERM2 WATER SWITCJ--S It:

WATER TMA;.'SrER CAPACZTOR CZRCUZTS

P. W. Spence, Y. G. Chan, G. Fr-=ier, and H. Calvin

Physics international Company

San Leandro, Cal&iforn!a 94577
Astract the second stage charge timm. Within certain

limitations, single-site untriggered water switches
Inductance and resistance characteristics of can be used to accomplish the transfer of energy

single-site untrigered water switch arc-channels between the two capacitors in the circuit. -N of

have been investigated by measurement of their of- these limitations, inductance and effective resist-
facts on frequency and voltage gain in a water ance of the switch arc-channel, are the subject of

capacitor transfer circuit. Data are presented for this paper.

t@ distinct switch configurations covering a

voltage range from 3 to 6 MV, gaps from 7 to 35 ca, Conclusions from pioneer work by J. C. Martin

and mean switching fields from 150 to 350 kV/cm. A and his associates at AWZ, 1 summarized in a tt of

simple lumped circuit model is postulated with semi-empirical formulae meant to roughly estimate
switch L and X varying linearly with gap spacing energy loss, inductance, and the duration of the

under low voltage conditions. Extrapolation of resistive phase of such arc-channels, have remained
this zero-order model to higher voltage conditions basically unaltered over the last decade and have

compares favorably with measured circuit character- provided valuable tool* in the design of switches
istics. Energy loss in the water switch is ob- over a wide parameter range. As recently as 1977,
served to be approximately a factor of two in VanDe*nder2 reported currant risetime and energy

excess of maximum losses predicted from previous loss in a < 1.8 MV water switch to be adequately

estiuates. 1,2 described by J. C. Martin's semi-epirical rela-
tions, he additionally obeerved no evidence of a

Introduction later time plateau resistance phase hich had been

observed in previous lower-energy and lower-voltage
Vater transfer capacitor circuits are often switch experiments.3

applied in the design of high-power, low-impedance,

short-pulse generators. In practice the circuit Accurate direct measurement of the inductance
provides an intormediate power amplificattion stage and tima-varying resistance of water sparks under

in which energy from a Marx generator is input high voltag and high energy density conditions is
(over a few microsecond timescale) to a capacitor a formidable task. Indirect inference of Induct-

and then transferred (over a few hundred nanosecond ance and resistance from transfer circuit frequency

timescale) via a switch to a second capacitor. The and voltage gain presents a wore tractable measure-

principal benefits afforded by such circuits are. sent problem but introduces considerable uncertain-

(1) the ability to operate the second capacitor at ty accumulated from a combination -onitor calibra-
higher stress levels than possible through direct tion accuracy, wave transmission effects, and ac-

charging by the Marxi and (2) the relaxation of curacy of estimating the various fixed L's and C's

switching requirements on the second capacitor for realistic capac)-or and electrode geometries.

stage. Both benefits result from a reduction in In contrast to past studies, the unique features of

*Wnrk supported by the Defense Nuclear Agency.
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the present work lie in: (1) the improved accuracy negativo, giving negatively enhanced witch opera-

of inferred resistance and inductance made possible tion thzoughour. the 1) to 35 cm aM 7 to 24 ca

by comparison of t different switch confi ra- ranges of gap sm4cings.

tlons u.der virtually identical conditions for all - Cn" 2

other experimental p aamters (L.*.* vltages C'. 1  WATERCAFACITONI WATIR CAFAITON2

fixed L s, and onitors): and (2) the extension of

,xperizental conditions over a factor of 5 range -n CONFIGUAAT)0NA

rc-channel lengths. for the same basic circuit. LTCN FIEL A

Appa .c ihtuc 
iI

CONMIGURAPION 
e- 

. T
The physical and electrical configuration of SmT m F

thea t:Ansfer circuit is shown schematically in Fig-j IsmI0

'are 1. The lumped circuit aepoximation assume

%hat the transfer circuft response is completely g I
decoupled from the arx charging of capacLtor 1 ,

although this assumption is not strictly correct, % %

transfer circuit response data were analyzed only C0NIrlQU.ATO I LtLECTMM "t
A. LOW M rL' 2" a

for a narrow range of transfer switch closure time . M4 FIELD 311,,d4
(350 to 450 no prior to peak of th resonance Figure2 Switch geometry and electrode inductance

chrge on capcpior 1) such ofthe =all differences 2 timat for low volte teees

chare oncapaito 1) uch hat mal diferenes ineal Results and Analysis
in gain on capacitor 2 due to different transfer
swi.ch closure tms waea minimized.

- che post-switching voltage on capacitor 2 was

NAM found to be closely approximated by a (I - cosut)

IOT wavefomw. FLgu 3 exhibits an overlay of a

- AKh1N typical measured voltage waveforu and a (I - coswt)

lIARS oiTA4 wavefomi added to the measured prepulse volts"e

level. The waveforma typically matched well up to

the time when capacitor 2 was switched to a sub-

WAT2S
TRIG4to C P U 

-

LATIR l e"t: V ""--.

"'" < W. &27XI0 R

l ,,.. -PICAL MEASURED
'VOLTAGE WAVEFOR

N. CAPACITOR 2
0 ~SWITCHEC) TO

Figure I Transfer circuit physical and electrical TRANSFER SUBSEGUENT STAGE
(lumped circuit approximation) configuration. SWITCH

CLOSURE

Figure 2 shows the geometry of the water /TM

swLtch region i. ore detail with estimates of the w

fixed elect-ode inductances for the initial low- I VpQREPUSE
-j / pmREUS

voltage tests. Tdo distinct ball/plan geometry 0 / VOLTAGE LEVEL

s'Ltch configurations were teasted, corresponding to . .. ..........................

hemispherical ball diameters of 5 cm and 15 cm. 0 600

The initial voltsge polarity cn capacitor I was TopaIso ME. 60 uIOIVISION
Figure 3 Comparison of transfer circuit waveform to I cos wt.TIME 0 ndOVI~0O

0m
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Sequent stage, with the exception of a steepening To interpret the observed circuit performance
of the very early-time ltagn wavefors (- SO na In terms of arc-channel characteristics we assumed,

into the transfer period) and a few percent over- In the Spirit of a zero-order analysis, that the
shoot fro (1 - coats) about 100 na prior to the circuit ii,ductence and resistance were described by
transfar voltage peak. These minor discrepancies assigning a constant inductance and resistance per
are consistent with an early-time, rapidly varying unit switch gap length (A and D),

resistive phase of the switch arc and transmission

line e*fects which have been msdel*4 elsewhere in a " electrode + Ad, R o od

rare complete transmission line code (N1T-2) analy-
sis o the circuit. where d - switch gap spa7cing. From the measured

frequency and gain ratio data, these assumptions
Figure 4 compares the circuit waveforms for imply A - 13.4 1 1.5 ni/cm (an effective arc-

the .,o switch configuration3 under virtually channel diameter of 3.7 = (-2,+4 m)) and 0 - 3S
Identical conditions for all other experimental ± 14 ma/cm.

0 parametersl relative voltage gain and circuit fre-

quency are measurably higher for the shorter arc- The applicability of this zero-order sodel was
channel configuration. Allowing for measurement explored by its extrapolation to higher voltage
error and uncertainties in choosing a best fit to (i.e., larger Switch yap spacing) conditions in the

the 0 -cus-) waveforms, we obtain transfer circuit using the values of 0 and A deter-
(W/A)2 . 1.19 i 0.04 and (G./GA) - 1.05 t 0.02 mined from the low-voltage tests. Figure 5 exhibits

for the two configuration., where w - freqoency and such an extrapolation for the 5-cm-diameter switch

0 - VPX - VPP. Following the lumped circuit ap- at 35 cm spacing. Similar general agreenent was

proximation, the frequency and voltage gain are obtained for a large number of high vjltage teats,

related to the circuit parameters as w. * 1/I (for within the trends that a 35 ad/la arc resistance

these data R2C/4L 10-2) and G " (l+exp adequately described the measured gain and a some-

(-1wrC12)). what lower arc inductance (11 to 13.4 nH/in) wat

25 L necessary to match the measured frequencies.

15 en BAt L. 7 TO 9 cm SWITCH GAP 400
FA-300.350 ky/cm --- Il.cos tl FROM ZERO.ORDER MODEL3 WITH X=13.4 nH/cmp,35X10"3 ./cm *.--.

- cm BAL.149 cm SWITCH GAP, MEASURED WAVEFORM1 AT 35 cm GAP, -50 kVIcm

'C

", , =

C / o

/ 0

SWITCH CLOSURE /

U TIME /

I- I
o0.j/ /

0 600
TIME, 60 na/DIVISION

, a I I I I I

0 600 Figure 5 Comparison of high voltage (-6 MV) data with
TIME. 60 ni/DIVISION model-5 cm diameter electrode.

Figure 4 Low voltage (-3.4 MV) transfer circuit waveforms.
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it is Mt surprising that a constant induct- J. C. Nur-l4S =aetI RICAL roMULAX

Ance per unit gap length mrodel appears to fit the 2~~i N!.A .~

data. The values dadiqced for inductance appear ~ .

consistent with observed damage patterns (pits) on T

the electrodes .uid previous chUae expaniiLon moff 144

velocity estimates.1 ThQi observed tren toward e~"4
slight reduction in inductance per unit length at 6 t
larger gap spacings may be du* to the developent U~ "ka.,.4

of arc-channel branches near the sjwdo side of the Fo caes Ubie TL > R~ (Nore CharactOciSt1C Of0
switch. the pcesent toots), even lower switch losse" are

.he somewhat surprising .Applicability of estimated from the .eei-*wpirkcal formulas.

constant resistance per unit gap length model has In conclusion, we have analysed the behavior
significant implications in extrapolation to even of A single-site. high-voltale, high-powert water
higher-voltage water capacitor transfer circuits. transfer switch in a specific transfer circuit in
In. the context of the zero-or4or model, this re- toerm of & zero-order model with constant induct-
sistance :epresent& a time-averaged, .affectivo,l arce and "plateaul resistance per wnit gap len43th
resistance insofar as it affects circuit gain duc- and flound (1) inductance values consistent with
ing the first half-period. This resistance appears arc-channel diameters of a few miLlmeterst
to be distinct from the classic early-time -esist- (2) average rasistance values of 35 t 14 a'J/c~k and
iV. phases (T is in the few tons of nanoseconds (3) switch energy lossoo in excess of previously
range and << T for all configurations tei-ed) and established estimatos. Further experiments at
represents a longer timescale "plateau' resistance highier vorg as with larger gape would be desir-
phase. Resolution of the time dependence of this able Ln establishing the relevance of this Model to
plateau phase is beyond the scope of this a wiA~g, parameter ran"e.
discussions however, the observed voltage waveform Akcknnledgements
fit to C 1-co s-t) doem hint that any time dependence

s rbal e.frtefsthl-eid The authors would Like to acknowledge the paer-

ticularly Important contributions of the following

The cost important Implication of the results individuals: M. Oi Ca1pua and T. Sullivan, for

is the increased energy loss (12R) In long water their help in digitizing the experimental. datas V.

spark channels due to the plateau resistance. Furrow, for timely and quality hardware

Measured losses ranged fron 8% to 26% for Pho constructions 0. Strachan and others, for exper-

txtzema in switch spacings compared with 41 to 14% imental assistance and facility operations and
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16.1

INVITED

HOLLOU-A,0DE nL.'TXP ThXR1Th$S

R. 1knoi-m and C. V. Neale

English Electric Valve Coupany Liitced
Chelnsford, CM1 2QU

United Ungdom

Abstract

Subsequent to :he introduction of single-gap. hol-

lo.-anode tubas In 1978, a new range of sultigap

hollou-anode tubes it being introduced. There are

many applications where high rates of rise of in-

varsk voltage cause rresture failure of convtn-

atnal rultiSap chyramrrns due to arc-back. one

solution has been to use double-cathode tubes,

which are capable of reverse conduction without de-

terioration of perfcrunce. The hollov-anode tubes

offer the similar Advantage of tolerating reverse

conduction without requiring extts high-voltaSe-iso-

laced supplies. The operation of chase tubes in

Ic-inductance circuits is compared with conven-

%ionAl solid-anode tubes.
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16.2

Gregory A. Kill

Tht 5ID Corporation

and

T. 1 -urkes

Abstract Texs Tech iversity

The Nutode Thyratron

The high frequency chacteristics of A triple grid
chryrazzon art investigated. The pentode chyratron The trpie grid, o pextod., thyratrou is shown
has chree closely spaced grids and operates much echmastic ly in Fitre 1. Its operation Is like
like a conventional tctrode thyracron. the first that of a ccrode r.hyracron. The first grid is

grid has a dual function. It functions as a prim- the prlmer, or auxliary, electrode. The second
Ing grid. prei:nLig the grid cathode space, as grid is the control grid, with negative control
well as a shield grid itolating the control grid characteriscics. The third grid ie a shield grit.

iron the cathodt plasma during the recovery phase. This grid, along vith Grid 01, completely shields

The secor.d grid is the control grid, with negative the control grid from the rest of the tube.
control characteristics. The third grid is a shield
grid, designed to enhance the control Sid aperture This shielding has two positive effects on recovery.
Jeioni:ation. This thyratron Is tested in a line- Since the grids are closely spaced, the volume of
type pulser to determine its high frequency limita- the grid aperture regions is small. Thus chis space 0
cions. It proves capable of operating at pulse has a smal characteristic dLnsion, A, resulting
:epeccion frequencies of up to 180 kz. in very fast deionization. Therefore, the shield-

ing reduces the recovery cim.

Introduction

It has becom clear that advances In switching

teciinology art vital to the growth and development
of pulsed power technology. A need exists for Anode

fast rise-ci-t, high repetition rate switches that Shield Grid (03)
Control Grid (#2)

ill switch high voltages and currents. One prom-
ising type of switch is the hydrogen thyracron. A An"i'iar" Grid (91)
new type of thyratron, the triple-grid thyratron,

has recently been developed. This switch is rated

by its manufacturer to operate at repetition rates
of up to 110 kH:. This paper describes a cest and Cathode

evaluation of :he triple-Srid chyracron's high

ftequency operational characteristics, with the

;oal of ;eining insight into the direction of fuure

thyracron development. Figure 1. Triple Grid Thyratron
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The seco-d effect is due primarily to the shield- Anode Voltage 25,000 V

Ing of the control grid by the auxiliary grid. Peak Anode Current 1,000 A

SLnze the control grid is effectively isolated from Rate of Anode Current 5,000 Alps

the slowly decsying cathode plasma, the density of Rise

this plasma will not appreciably affect the control Anode Peting Factor 500 x 10 V.A.pp.

S:id current during recovery. Thus a higher- Peak Output Pover 12.5

impedance bias supply may be used to achieve Pulse Repetition Fro- 100 K:

recovery with a pentode thyratron than is neces- quency

sary .cth a single $rid thyratron. Envelope Temperature 150 *C

Average Anode Current 1.25 A

The English Electric Valve Company is nov produc-

ing a triple-grid thyratron, designated Type c Table 1. FAxi u ratings of the CX1535 thyratron.

1535. This thyracron is dexilned to witch high-

power pulses at high repetition rates. It features

massive grids with large rxternal cooling fins, 16

and Is designed to be operated totally imersed

in coolant. Thus any heat generated in the tube 12

should be quickly raoved. The published maxim-, 10

ratiags !or the CX1535 sre given in Table 1. That a

* the ratings are nonsiulitantous is readily apparent 6

upon close examination. Although tho tube is rated

to switch 12.5 W, this may only be achieved at

pulse repetition frequencies up to 20 kHz without
20 40 60 80 1.00

exceeding the anode heating factor. AL the rated

frequency of 100 kz, the waximm output Js limited Frequency (E.:)

to 2.5 W. The relationship berpean peak output

pover and repetition frequency is shown in Figure 2.

The relable operation of this thyratron within its was biased to a negative 200 volts. Regulated

published ratings has been established (1). How- 6.3 volt direct current supplies were used to power

S ever, the true limits of its capabilities have not the cathode and reservoir heate:s. Probes erae

previously been explored. Therefore, this test was included, to monitor all electrode voltages and

designed to provide an evaluation of the triple- currents. The anode tmperature was monitored with

grid thyracron's capabilities beyond its published thermocouple temperature probes. The assembly was

1lmitations. Lmersed in oil, and was provided with the cape-
• bility of force-cooling the anode. Inductive

Test Desi;n charging of the PFL was employed, with a charging
rectifier being used in some portions of the test.

The criple-grid thyratron was tested in a standard

line-type pulser. The pulse-forming Une (PFL) The test proceeded in three phases. Initially a

was designed to deliver a 100 nanosecond pulse to oec of low frequency characteri=:ation tests were

the 17.5 oh= load. A 0.2 microhenry inductor was parformed. This involved measuring all of the

used to limit the current rise-time to 30 nano- electrode voltages and currents while operating

secunds. The shield (93) grid was grounded to the the pulser at a low repetition frequency (3 kI:).

cathode. The auxiliary (01) grid was biased with

a 100 milliampere current source. The control grid The second phase was a thermal limitations test.

I0
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The anode temperature rise va *sured hile h1

pulser va operated with diffe ent corhinatione

of Anode voltage 4nd Vpetion frequencies. This

cest was repeated with different gas pressures

(controlled by the reservoir voltage) in the chyra- 6
Cron. 6

20Z Sloer

Athan tesounn
Finally, the high-frequency recovery Limit d

characteristics wve investigated. Ac different 'at

repetition frequoncAes, the pulser vas operaced in 2 4 •

either resonant or 20: slower than resona: char

ing modes. The anode voltage va increased sloly 60 100 lo 180 220

until the thyratron failed to recover.
frequency (Kxl)

------ Figure 3.' High-Frequency MAximm Anode Volcage

The $rid vavefor- measuremencs provided some usefuL

informacion about the deioni:ation and recovery l0 when slover than resonant charging was eployed.

of the thyratron. The control &rid deionizacion This increase is attributed to Luverse anode dissipa-

current had a decay time constant of 0.7W., in- tion due to the inverse anoa voltage immediately

dicacing that the control grid region deionize folloving conduction.

very rapidly sad that the tube will recover within

a few microseconds. The cathode space, however, Figure A shows so" constant-coexpertue curves

takes much longer to deionize, as evidenced by the as functions of peak pulse power and repetition

auxiliary grid voltage. Before anode conduction frequency. The maximum permissible cmperature

the auxil-ary grid voltage vas 18 V. vith 100 mA rise is 100C based on the maxiuw , raced envelope •

of current floving. At the initiarion of anode cmperacure of ]5OC sad ambient cemperatures

conduction, the voltage dropped to 2 V. and re- ranging to 50C. The effective anode heating

-ined at that level until the cathode space do- factor based on a l0C teperature rise may be

Loni:ed. The csthode-tpac deionization time found from Figure A to be 185 x IC) VAPS. It is

ranged !rom 50 )As for 200 A. of anode current to not surprising that this is much smaller than 'he

70jus for a 1000 .%. anode current pulse. These rated anode hoting factor, since the rise tice of

results do show chat the control grid is effectively the swicched current is ,0 ns - a factor of five

shielded from the cathode plasma and that the less than the 200 ns minimum rise cte calculated

hielding does aid recovery of the thyracron. from the raced peak anode current (1000 A) and the

maximum rate of rise of anode current (5000 AI/s).

The high frequency recovery characteristics of the With such a short risecime the maximum anode heat-

pancoda thyracron arn plotted Ln Figure 3, uhich lng faccor should be dersted by a factor of 5 to

learl) shows that the thyracron will operate at ,100 x 109 VAlES (2). Therefore -he thermal limita-

frequencies up co l0 kiz. Usa of 20. slower tions are vell beyond those expected from the

than resonant charging increase% : e maximum volt- mnufacturer's racings.

age by L5Z at 100 kH:; however, the improvement

over resonant charging was insignificant at fte- Two techniques wore used to further increase :he

quencies above 140 k.z. A thermal penalty was thermal limitations. Force-cooling :he anode with

associated with :he use of sloer than resocanc an oil stream having a velocity of 1.5 Is reduced

charging. The anode dissipation was increased by the temperature rise by more than 25:. :ncreasing

0in
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8 Anode Dissipation
SL 6 \O0C20 Limited

620

2 15
2

20 40 60 80 100 1 Measured
Frequency (kH:) 0

Predcted RecoveryFigure 4. Constant Anode Teaperature Rise Curves 5, PredLctedte~Limited

the rese.rvoir voltage from 6.3 V. to 10.0 V. de-
treated anode dissipation by AO. This decrease so 100 150 200

was due to the faster switching times achieved with Frequency (kH:)

the Increased tube pressure.

Figure 5. Composite of Measured Limitations

Conclusion

A composite curve shoving the thyratron's limita- .

ions in the test circuit is shown in Figure 6. At

frequencies above 80 Mi. the thyratron is re- 1. L. J. Kettle and R. J. Vheldon, "A Triple Grid

coverv limited and capable of operating at fre - Thyratron," Conf. Record of 12th Modulator
• quenciso up to 180 XIz - well above the mmufac- Symposium, February, 1976.

turer's specification. At lover frequencies the

thyratsron is thermally limited, but capable of 2. S. Goldbarg, et. a&., "Research Study on Hydrogen
operating beyond its ratings for -he switching Thyratrons" Final Report to U.S. Army Signal
conditions experienced during the test. These Corps., Edgarcon, Crmshausen, & Grier, Inc..
capabilities may be extended by such techniquca Boston, Mass., 1956.

as improved cooling processes and varying the gas
pressure within the tube.

Although the triplegrid thyratron is a significant
advance of the state of the art, much development

has yet to be done. This development may require

more research into the fundmentals of gas dis-
charges. Complete understanding of the processes

-ill lead to new designs and techniques to further

advance high speed svitching.
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16.3

D TXVZ EL=IcM Brix CCOflOLLEl SWIcIC

.t. F. FID.SLUE D. CcTM. I. M. V7T=VITSKT

Naval PRsdarch Laboracor/

Vahingcon, D.C. 20375

Abstract

?reviaus inyvscligcors have demnacraced the feasi- mace, A a result, switch opening and closing are

bility of using an ioniUing electron beam to con- deteruimed primarily by the electron beam and gas

c:ol the conductivity of a gaseous, volume-dis- chemisty characteristics. The use of large elec-

charge svitch. V# have considered the possibility trode surfaces, on the -ther hand. allows large

of using such switches reptcitively ac high power switch currents to be conducted before switch heat-

leve!s (up to 10101), vuch witch opening and ing destroys proper switch behavior. -Le presenc

closing Cies As short as several nanoseconds. An paper seeks to assess the overall capabilities of

analysis of the relevant lIs chestry has indi- these electroa-bea controlled switches.

cited that these requireme cs cam best be mac by

using a non-electroagative base gas diluted with Ca Choemistrv

a sxall percentage of an electronegative gas. De- The switch resistance is controlled by the electron

tailed chenistry sisalacitas, using the non-electro- density a of the gas medium. For a volue dischatge

negative jas "14, and the electronegative gas 02, whose dominant ionization source is an olectron beam

have been per.orae and will be presented to support of curreat dansicy Ib' nk varies according to

this analysis. Also discussed will be the limic- d

clons Laposed by switch heacing and gee breakdown. n4 "b - -an 2 3e b a - Y n (1)

Uhee a is the cross-section for Ionization by the

Introduction electron bean, X Ls the gas density, a Is the

.uncerL' OLoughli2, 0and Kovalchuk and %ec.yacs attachmnc race, a i the tvo-body recobinacion

have descrIbed and demonstraced a switch concept coefficient, and y is :b- three-body recombitacion 0
whic. appears co be well suited to fast, high- coefficient. Eq. (1) must be supp.emented by .he

power, cepecitive cuitching. This concept consisc& circuit equation and by the svi..ch current density

(seeF!. 1) of a pair of planar electrodcs sepa- equation

raced by a high pressure :as. The switch is made is - a n vd (EI,) (2)

to conduct by passing an ionizing electron beam ;

throu;h the gas, such that a volume discharge c= there vd is the electron deft .;,ocicy due co the

be al ntined between the switch electrodes. Such electric field E appearing across Zhe swicch'.

volume d charge have the property that once the

dlectron beam is reoved, :he discharge rapidly ex- Eqo. (1) and (2) dictate that the mini-um switch

ringuishes and the gas can again hold off the high closing time is _given by

volts. (=in) (3)
T b- Oi. Vd

The use of high Sax pressure allows for ssl alec-

:rode suparation, thereby -inii .ing switch induc- where the bar denotes the sceady-state value in the
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clos#.e (conducting) circuit state. Eqs. (1) and switch soon to be constructed and tested at tile

(2) similarly dtermine the wiintn switch opening Naval Rteerch Laboratory. The switch nominally

time, which is defined as the time for n0 to decay imposes 200 WV across a 20 A load. The switch alec-

from "9 to 0.1 '94. For z switch <'oainsced by trades are 1000 cm In area and are separated by

electron attachment, the uimlmi opening time isa 2 cm. Nominal switch efficiency Is Q % 10 The

2.3 ~(uin) (A) calculations assume that the electron beam current
a r231c (i) s rises Instantaneously to full value (I UA) at tim4

for a switch dominated by two-body recombination, zero, and instantaneously decays to taro at 100 nstc.

it iis The predicted behavior, shown in Fig. 2, demonstrates

10 1 (Ab) that the 0, concentration significantly affects the
c (4b) witch npaninj tim*4 without significantly affacti.nt

and for a switch dominated by three-body recombin- the switch closing time.

ation, it is

*~~ 50 in c 4Icultipilse Operation and Other Considerations
3 ' 50c (40 Volumacric switches minimize the voliinetric heating

These latter three equations demonstrate that rate such that the gas temperature and physical state

attachment-dominated switches minimize the switch of the gas are largely unaltered by a short, single

opening time, without seriously compromising the switching pulse. This factor accounts for the rapid

switch closing time. (A second advantage is flex- recovery and short opening times of volume discharges,

*ibility, in that the attachment rate a can be as compared with the behavior of filamentary arc

readily varied by using a non-ataching base gas discharges. 5

diluted with controlled percentages of an attaching

ga".) Couversely, volumetric switches cannot be cooled
rcpidly, and hence gas heating may eventually pose

To insure that the gas is everywhere ionized, the problems for switches that are repetitively pulsed.

beam electrons must have sufficient energy to tra- These problem take three form.

verse the entire discharge. Simple analysis shows

that this energy constraint leads to The first relates to cumulative changes in the tham-

(,I,) ical and electrical properties of the $as. Studies
c~ of discharges in N. suggest that such alterations

0 d are unimportant until sufficient enlergy has been

where the switch efficiency Q is the ratio of the deposited to raise the gas temperature to above

power dissipated in the load to that consumed by 2000 0 K. 5

the electron beam ganarazor, where C±I is the average

energy required per beam ionization in the gas, and The second problem is a structural one related to

*where E 0 is the open-cOrcuit field strength origi- excestive pressures generated by the heated gas.

nally appearing across the witch. This eqttation This problem is severely compounded by the use of a

demonstrates that a trade-off exists between high thin foil window (see Fig. 1) required to pass the

efficiency q, and short opening and closing times electron bealm Into the discharge volume.
I (min).

The third problem concerns reductions in the gas

Switching characteristics of 10 atm of N 2 with small density N produced by the elevated gas pressure.

admixtures of 0 2 have been calculated using a do- The main problem here stems from the constraints

tailed air chemistry code. These sample calcula- imposed on the ratio E 0IN, where E 0is the open-

tions were designed to assess the performance of a circuit field strength. To justify ignoring cascade
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ionization of the gas by the gas conduction elec- note that constraint (9), coupled to Eq. (3), limits

trons, Zo/N Must typically satisfy6  the maximu practc.i5l electron beau current to a

E t he 10 16 volts - c 2 . (6) value typically given by

At the s time, Eq. (5) demonstrates thac Z a b 104 A; (10)

must be maximized to obtain high efficiency Q and i.e.. raising Ib above this inductive limit only

short closing times Tc ence, roductions in degrades switch performance by reducing efficiency

.I, due to elevated gas pressures, reduce the Q vithout reducing opening or closing times T.

allowed field strength H0, thereby degrading Q and/
or T C~m Seams

Thm preceding sections have outlined the joneral

'he preceding discussions suggest that a conserve- features of electron beam controlled switch**.

tively operated switch im one for which the total These devices say be viewed as current amplifiers

energy deposited within the switch from a given in which a small beau current regulates a large

pulse train is less than, say, the total kinetic discharge current. They may be operacted either In

energy originally contained in the gas. This pro- a fast, high-power mode or in a ilov, high-energy

scription Insures that alterations in the gas tamp- transfer mode. In the for.mr cast, the presenc

erature, pressure, and density ii be less than a analysis indicates that, at 10 a gas pressure,

factor of 2. current switching rates can approach 1013 A/sec.

thete rates correspond to switch closing times of

The total energy deposited in the switch, from the . several nsec and switch opening times of tens of

electron be-- and from Joule dissipation, can be asec, for switch efficiencies q, q1 % 10. Total

related to the total energy absorbe.i by the load energy transfer vould be roughly limited, however,

via a oat efficiency factor Q1, where Q1 :c Q. For to 10 Joules per cubic centimer of discharge volume.

a pulse train consisting of a pulses, each of con- Iigher energy transfer can be obtained by degrading

duction time Tp, we thus require that switch response time, or by raising the gas

p E Q1 / T (7) pressure.

where k is Boltzmann's constant and TO is the References

Initial gas temperature. The breakdown con- 1. R. 0. Hunter, "Electron 3Sea Controlled Switch".

straint (6) thus suggests that, for TO - 3000 K, gas Proceedings of the 1st International Pulsed

heating effects can generally be ignored provided Power Conference, IEEE Cat. :No. 76CHll7-8
J " l0" Q' A - sec/c 2  

R REG 5, Lubbock, Texas (1976).
2. J. P. O'Loughlin, "PFN Design Interface with

E-BIa Sustained Ga Discharge", op. cit.
Several ocher limitations apply co electron bean 3. 3. M. Kovalchuk and C. A. 4esynts, Soy. Tech.

controlled switches. An important one is the in- Phys. Lett. 2, 252 (1976).

herent switch Inductance, which is minimally given A. R. Fernslar, A. W. Ali, J. R. Craig, and

in nil by the electrode separation distance in ca. 1. ., Vitkovitsky, "An Air Chemistry Code",
Using constraint (6), this inductance can be shown 3uli. Am. Phys. Soc. 23, 775 (1978).

to limit the switch-opening and closing tizms to 5. T. H. Lae, Physics and Enineering of Htyh

:(se) . 7 Is (A) Power Devices, .IT Press, Cambridge, Mass. (1975).

. (c-) (9) 6. S. C. 3rown, Dsic Data of Plasma Physics,
where T is the desired switch current. This result Technology Press, Cambridge, Mass. (1959).

reiterates that opc imu performance is attained by

maximizing the gas density NI. It is interesting to
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16.

OKIDCTATION flW E'DE'T IGNrIToN(

ROL'I J. UAIVET and JOIDI K. BATLESS

Hughes Research Laboratories
Xalibu, CA 90265

Abstract

An orientation independent ignition (011) has been continuously replenished by evaporation and con-

operated at 30 kV, 15 A with 10 usec wide pulses densation processes. The vacuum envelope and
at frequencies up to 100 lz. The cathode of the anode operate at room temperature or above, while
01 is a thin mercury film which L held in place the cathode is cooled slightly relative to them
by surface tasion on a cooled molybdenum sub- in order to facilitate mercury reflux. The anode
strate. This device has been shown to have a of the OZ is cooled by natural convection to the

basic voltage withstaad of over 60 kY, triUer external environment during off-periods. For the
characteristics comparable to conventional igni- 30 kV device. interelectrode spacings are main-

trons, a current race of rise in excess of 10 kAl tained at I to 2 ca to avoid Paschen breakdovn.
us at 30 kV, and a mean stable run time at 8 A
average current of 22 a in the burst mode. ref- Figure 1 shows a schematic diagram of the witch.
ormation of the film occurs during and folloving The cathode is constructed using molybdenum. It
the pulse burst with a recycle time on the order is supported by a thermally insulating section of
of 10 min. thin-walled, stainless steel tubing attached to

the switch body. Cooling is provided via a copper

heat pipe screwed into the cathode from below.
Introduction The anode and sidevalls of the 0II are made of
The orientation independent ignit:ou (011) is a stainless steel. A boron carbide igniter, which
new ignitron-type closing switch suitable for is adjusted by mans of a bellows assembly, makes
obile applications. It displays the electrical contact with the cathode as shown in Fig. 2. The

properties characteristic of ignitrons, but with completed 011 is shown in Fig. 3. It includes
the added advantage of a mechanically stable additional diacnostic and vacuum appendages and 4
cathode. This is accomplished by replacing the high voltage bushing. All of these, plus the main
conventional liquid mercury pool by a cooled solid flange and most of the igniter assembly are inci-

cathode covered by a mercury film. This design dental to the intrinsic device, and are included
provides better mechanical and thermal control of to facilitate the acquisition of design data.

the mtrcury, thereby leading to reduced recovery
times when operating at high current levels. The Low Average Power Test Results
film is held in place by surface tension forces, The prototype 011 wss first tested in dc and single
=king the device orientation .nd vibration inser- pulse nodes at Hughes Research Laboratories. Hg

sitive. The mercury volume of the film, which is fills of about 0.1 and 0.25 mL used. With the
sufficient for a charge transfer of several hun- larger fill, the tube vas high-potted to 60 kV and

dred coulombs, is Introduced into the vacuum enve- a 7.5 A dc currenc could be conducted for over

lope prior to sealing off the 011. The film is 90 s before the current extinguished due :o Hg
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evaporation from the cathode. In the single pulse a high cathode tzperacure ( 600C) led to Paschen

mode, the anode fall time was observed :o vary breakdown. The introduction of impurity gasses had

with the anode voltage, changing from I Us at 250 V no noticeable affect on the tube behavior below the

* to 0.15 us at 30 kV. Ht.-jever, the Hg film on the Paschen litait.

cathode was thick enough to show sin of droplet

formation. The run time before tube instabilities become exces-

sive is shown in Fig. 8. The total charge transfer
The smaller Hg fill was chosen to eliminate any is proportional to the product of the frequency and

• potential problem with droplet forMation. The the run time. Evidently, Hg vapor reflux makes up

associated dc conduction time was limited to about a significant contribution to the Hg film volume
60 s at 7.5 A. During a 60 s dc run, the mercury during a time on the order of 0.03 s since the

vapor pressure varied from 0.6 to 6 zTorr depend- charge transfer at 30 H: is nearly double that a:
ing on the cathode temerature as expected from )110 H:.

vapor pressure data. An increase in the jitter

and increasingly erratic anode fall behavior art Duri:.g tne couL% of these experiments, the tube
also more evident with the lover Hg fill. was physicoL.1y rotstad by 1800 with an deteccable

change In operacicn. Also, the end of line clipper
High Averae Poevr Test Results was removed without noticeable cha..;e in the tube

The 011 was :ested at the ERLDCOM Righ Power Test reliability.
Facility at Ft. Monmouth starting vith the circuit

shown in FiS. A. The circuit was calibrated using Sumarv

a MAPS 40 Thyratron. A comparison of the pulse Table I outlines the developmental goals and the
current waveforms for these two devices show test results actually achieved. Obviously, most

little difference at the same voltage except for of the goals have been reached with this first
the larger jitter of the 011. A typical current prototype model of an orientation independent igni-

waveform generated at 30 kV is shown in Fig. 5. cron, thereby making an ilnitron-type witch

Figure 6 shows a typical overlay of all pulses available for airborne or mobile applications for

occurring during a 20 second run of the 011 at the first time.

50 Hz. The variation in timing is found to average
about ! 1 Us. The charging inductor was reduced Acknowledgements

to 1.5 H to achieve a 120 Hz effective recharge The authors are indebted to Mr. John Creedon who
rate and the device ran at up to 100 Hz without facilitated the high power tests at ER4DC0i, to
noticeable difficulty in voltage recovery; refer Mr. James O'Louthlin (A"WL) and Dr. Wllfried 0.
to Fig. 7. Eckhardt (HRL) for technical discussions, and to

Hr. Robert W. Holly (HRL) for engineering support.
The cathode was cooled using ice water during This work supported by U.S. Air Force Weapons
these runs at high power. The energy dissipated Laboratory, irtland, An. Contract o. N60921-76-

at the cathode wagn measured thermally to be about C-0138 through the Naval Surface Weapons Center.

1 to 2 J/pulse or an equivalent voltage drop of

5 to 10 V at the cathode The anode dissipation

was probably somewhat higher.

The anode temperature excursions were typically

300C for a run of 1000 pulses. A high anode

temperature did not affect the tube behavior, but

0!



374

,AZLE I

MWAETER COAL LEVELS TEST LEMES

?"ak Current. MA 15 is

Puise Width, Us 10 10
(90% foints)

Current Rae
of~Ie 1A/a10 10

Nine Repetition soo1o
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Avorage Current. A 7.5 15 MINE________________

?eak Operating
Forward Voltage. kV 30 30

Orientation Any Normal and -

Inverted ?1g. 2. Cathode and Igniter asseably.

Operating Duty 90 a On '2 $at Ott
Cycle (0 30 R:) 2 aru. Off 10 in off

Life 100 On Feriod 5 15.000
(450,00O um. NIS*) .ule

Utight, kg 3 Essential tW

Narm-Up TIne 0 0 A"W qw

Standby ?over 0 0

Trigger Energy, J 3 1.5

Jitter - I !is

'"S.

Fig. 3. Coupleted 01!.

KA M W tATF"F ig . . T est C ircu it.

ri.1. Sche~atic diagram of 011.
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16.5

STAEILIZATIOH OF , TAL-OXIDE BULK SWITCHCIG DEVICES WITH DIFFUSED Bi CON4TACTS

3. LALEVIC, H. SUOGA and H. GVISHII*
Dept. Elect. Eag., Rutgers UCY.

Piscacawey, 13 0885,

S. LEVY
Elec. Tech. and Devices Lab.

U.S. ArMy EVAC , Fr. Monmouth, .MJ 07703

Abstract ever, variations In the values of swicching param-

Threshold svitching from the high to low resis- etars after several. switching events and sparking

ance state has bee investigated in the polycry- has often Inhibited proper device operation,

stalline and single crystal 1bOx (where x = 2) Considerable improvemencs in the reproducibility
-.tal-oxide devices. Stable and reproducible in values of characteristic switching parameters
switching peformance Is observed in a Confi8ura- of IM02 achieved in this work by deposition of

tion 5i-1bO,-ui where 31 electrodes were covered 1L electrodes on .bO2. As a result we have ob-

with Au fils. Improvmenc in the device perform- served reproducible switching behavior at applied

ante is attributed to the Ii diffusion into 1bOx  pulses as high as 10 A. with repetition race

which has been confirmed by the Auger electron of 103 Cls and vith a variation in switching pa-

spectroscopy. Typical off state resistance of rameters of not more than 10:. The improved be-

these devices is -100 M and threshold witching havior of theme devices is attributed to the dif-
voltage in the range fro 100 to 2500 V. The de- fusion of IL inco ,bO2 with a subsequent scabili-

lay tied is exponentialiy dependent on the ap- zation of current filament during a witching

plied voltage V app and at larger V appl , the de- event. Diffusion of i into polycrystalline and

lay tine is less than a nanosecond. Recovery single crystals of 4bO, was confirmed by the Auger

ti.n of a device is -0.5 usec as determined by the electron spectroscopy (jAn) aO.lyss and by ob-

zathod of decreasing tim interval between rv., served changes in transport a.d dielectric proper-

successive pulses. Holding voltage is -40 V. The ties.

pulsed switc td devices can withstand pulse dura-

tions between 0.1-3 ukec, repetition rate of 100 Sample ?reparation

C/s and current intensities of 10-15 A. or 25 A Thin polycrystalline niobuis oxide disks were pre-

peak vith the applied pulse duration of 20 jsac pared by oxidacion of !reshly cleaned surfacs of

single shot. 1bO. Single crystals of metallic Nb0 "Jere fabri-

cated by the Czochralsky-Kyropoulos technique in a
Introduct*on .triarc furnace3 . Devices were made fro a 0.6
Reversible threshold switching has been observed thick, approxirately 3 = diaater .(bO single

and investigated in a polycrystalline and single crtstal, oriented in the (100) direction with a
crystals 1(bO, devices with their potential appli- polycryscalline Nb0 2 layer 10 to 15 ua thick on

- u- 1.2.3.4
cation as transient suppressors * These de- oue face of the vafer. Single crystals of NbO

vLces have shown a cupability of shunting trans- were also produced In a ctrare furnace in an argon
ient current pulses of higher intensity. Fasc re- a=osphere by Or. Joseph Millstein of the I1aval

sponse (MI nsec), high resistance in the off stac- Research Laboratory.

and lo capacitance (410 pF) catisfy the require-

tent for a protection of RF receiver inputs and They were subsequently sliced and polished to a

other applicicio.s. The devices :ave shewn, how- thickness between 40 and 50 un which should result
in a threshold sitching value of 1000 to 1250 V



assuming 25 V per micron chickness 6 for the Delay Tine

switching at nanosecond pulse widths. Tht wafers Delay time was measured using a Cober 650 P pulser

were chemically cleaned and then 31 electrodes Of with a 60 nsnosc~ond rise time with the voltage

*about 1000 1 thick were deposited in a vacuum monitored with a Tekeygnix 100 to I probe and the

better tha-n 1075 Torr. Top electrode ares were current with, a CT-i current transforser. The ,n-

either 0.87 =2 or 2 = . Lower electrode cover- formation was stored on a Tektronix 7434 storage

ed most of the wafer area. Thin Sold films. scope. Delay tint"Id as a function of applied

about 500 A in thickness wcra evaporated over the pulse voltage was measured by incrtasing the ;uI-

* Ii eloctrodes for better electrical contacts. set output and scoria; th4 single shot swLtchin;

4ost of the data presented in this paper w"t col- events In the oscilloscope. Typical 4lacrosse 1.

lected with the device mounted onto a 'brass block V d with Increasing voltage is shown in

and a uschanical, microprobe positioned uinder a Fig. 3. This last f igure. shows

aicroscop* so the tungsten tip of the sicroprobet a superposition of increasing pulse voltage$ and

wire just touching the Am-11 contact. This was :he resulting delayed currents. Quantitative da-

0checked by measuring the off-state resistance PendenCe Of o n V APiIs shown In Fig. A wher*

with a Dana 3800 A digital multimeter. Typical log -d io plot ted vs V sl. %asshown -.d varltv

off-state resistance values were from 40 to 250VA. 11XVonentially with V appl, and the relationship can

Recently, the vafers were etched with XNA7gF so- be representd as:

luina". lOOC. Thse& results vere remarkably Ir V-PI hr . .
* different and wtill be discussed later in this ro- td d thrsholdeP K V ther .

port. Above the value of V apli/V th ' .9 becomes

Results less than I nanosecond which Is the limit of our

Threshold switching in the li-NbO 2-AL devices vwas present mAsuremeats. This relationship is true

ftew: tested using a Tektronix curve tracer. The for both single crystal ad polycrystallice de-

0curve tracer scans the I-V characteristic with a vices.

repetition rate of 120 sweeps per second. A typ-~ Recovery Time and Current Rioe Time
ical switch is shown in Figure 1. From this fig- Recovery time Y r as measured by using the method
ure one can directly determine a threshold voltage of two successive voltage pulses. Recovery .!=e

V th' holding voltage Vh and holding current 'h- is defined as a minimum time interval betwain two
The horizontal axis in Figure 1 is voltage at 10V applied pulses wthere the device has recovered af-
per division and the vertical axis is current at ter the first pulse and switches again on :ha soc-
10 millia~pares per division. (For this device and pulse. Recovery time determined by this meth-
the threshold value is 70 V, holding voltage Is od is about 0.5 usec with a slight dependence on
20 V and holdin~g current is 20 milliamperes.) It the applied voltage.
must be mentioned that the threshold voltage is a

function of the rate of voltage applied and a do- The current rise time measurement was made With

vice with a curve tracer value of 100 V could have the device nounted in a MIDPAM containing a 50 fl

a fast pulse value of 1000 V. stripline with the device In series vith the upper
lead. The NbO wafer is attached to the tripline

The following characteribtic switching parameters via a thin gold wire ball bonded onto the gold-

vera investigated: day time i d as a function of bismuth contact. A 512. model 25 tran -"saion line

applied voltage; recovery time v r; current pulse pulser supplied an 800 V pulse into the M'.0DAY.

rise time; holding voltage "h and holding current The current via a CT'-l current transformar was

Ias a function of applied voltage; and repro- viewed on the 7834 oscilloscope. The pulser de-

ducibility of off-state resistance after a large livers a pulse with a half nanosecond risetime.
nunber of switching events. 'With the device exhibiting a 300 V threshold the
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currenc -. sati Van wadea than 0.1 nazsonconds characterist c capaitance ass iated with A

for a current of 25 A. Schottky barrier being eliminated by switc.Ing.

Vold(an Voltaie and Current iLt in this series Lis Fi. db vch shows the !a-
crease in the dc componenc contrLbucon to Ac con-)(oldiag voltage Vh and hiolding Current we vre

h hductivi'Jty upon swi|tc.hi.ng.
read out directly from the switching pulse trace.

It was found that exhibits a sloW depenece oG Discussion

iapl in the range from Vh, to 2000 V. T'ypigally Stability and reproducibilicy of the characteris-

V aried from 20 to 40 V and holding current tic witching parameters of 3L-.4bO-1i devices as

between I. and 5 A (for the same range of applied cooparst to Au (or A1)-KbO,-Au (or Al) de4vlces are

Voltage pulses). attributed to the Ui dif.fusion Into polycrystallne
.-Sts e Xsi/stance- and single crystal .4bO,. The diffusLon of S !.

'igure 2 shove the nlzage wavefors (top trace) XbO 2 has bean confirmed by the Auger lect:o spec-

and current (bottom trace) for a single crystal troscopy oeiiurjants And sh.wn 1= 74. Sa. 3i
ef . d uion 300 3 deep in single crystal of NO,device at the begi-nning of Cast. It displyed an
yas meaured. Further Ii diffusio.n

Initial threshold voltage of 14O V and an off-
Lu enhanced by t.he applcton of voltage ;,.lss

state resistance prior to switching of 227 knc.
as shownI n FIg. 5b. Diffusion of RL under the In-

The voltage sensitivity in this photo wee 200 V
flueace of applied field Is responsible for the obp.
served lowering of o ,resistance after the re-

suall division. Pulse Width Was 0.8 USec. The

device was switched Into a matched load. After peated witching applications. Comasrison of d-
vices with AL or Au eaectroas shovs the following

the frst 2 K switching veant the threshold drc- differences in he transport and dielectric proper-
pd to 900 V wth 121 kl off-state resistance. it ties caused by the if diff*usion: change f*romSooc-
was thn pulsed At 10 X. After 24 K pulses with tky barrier to space charge conduction mechans.

the applied pulse voltage varying from threshold decrease in :herzl ac4t~vat~on energy, increse4 In
to 2200 V there vas no disc4ribla chane In off- dc componntcontrtbution to at conduct~vty aimd
state resistance. Some sparking was observed un-

derneath the cungsten tip of tne mIcroprobe aftar

a few thousand pulset. Sparking was erratic and The relative insensitivity of an on the el*ct.ode

at the end of 10,000 pulses the off-state resis- area would tend to indicate a formation of a stable

ance had dropped below 100,000 11. The test was high current density path along the region doped

:er--inated after 40,000 pulses at which tim Fig. with Si.

6 vas :ecordad. Here the voltage is 50 V per Based on the above observation one can sssum Lu-

-a411 dl vlon and the current I A Jper small divi- ca0s 5 switching modal of filling the recoubinat cn

sion. Me off-state resistance was 37 kn. Lift- centers and subsequent collapse of the high rtesi-

ing the tungsten tip uncovered a deep eroded pit :ants state. The critical current density for

caused by poor contact between tip and device., switching to low resistance state is 4iven in that

oranboo' and Dielectric Properties nodel by:

.he next figure, Fig. 5a. shows a Schot-ky plot f cr " 2Lq . /r d  (2)

log 1it 2 vs V V2/T. Prior to switching the Bi- where v d is :he time required to fill recombination

..O0-31 device shows a Schottky barrier to exist. centers, D is the density of recombination cencers

After switching Fig. 5b shows the barrier is gone and L is to be of the thickness of .ION, i.e. -10

a.'d the log I vs log V plot shows the device un, one obtains for Jcr the value of 7:7xlO a--p/

whether single crystal or polycrystalline, to be cm', uhile the =easured value is J - l.Sxio6 ampl

space-charge liited. The next figure, Fig. 6s, cm 2which represents a fair agreemenc.

shows the C-f dependence which again exhibited the
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Etched Safle L. . . Levinson, K. A. Philipp, G. A. Slack,

The etched device shows another improvement over "Protective Coaxial Svitching Devices," C. T-

the unerchod sample. tPiure 6 shows the 1-V search and Dtvelopaent Center Fir-al Fport
taken from the Tektronix curve tracer. (n.e Contract ECOM: 76-1331-F, Oct. 1977, p. 85.

voltage is nov 20 V par division and current still OResearch supported by the Amy Rse~rch Office
10 xilliap per division.) **On leave of absence Iro= the Israeli Xinistry

of Defense
Notice the disappearance of the holding current. 0***Xee wt have assumed ld to be *%u-1 to the ob-

The switched device returns to the origin nov. s delay time

This informtion is ne and has not been analyzed
s yet. A davice consisting of a sin.gle crystal

smpl etched,. ball-bonaed and mounted in the b _1O

PAX~ vas pulsed 1.5 A with no change in any o! itsi i -
character~stics for over 400 pulses. At 26 A 6iA
device shoved & sight reduction in off-state re-
sistance. On the second or third shot the told

bond l-fted off the smples. Novever there was no

evidence of damaee to the HbO, wafer.

In conclusion, li-PbO2-1i etched devices have Fig. 1. Switching in li-XboO,-Ui devices taken

shown a satisfactory perfornece as suppressors by Tektronix curve tracer, horizontal
scale 10 V/Div. vertical scale 10 uJ*

of high transient currents needed to protect I Div.
inputs.

In conclusion, li-WbO-Ii devices have shown a
satisfactory perfor-=c* as suppressors of the

high intensity current transients.
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Fig." 3. Delay tim as a fuCioft o increasing
applied voltage. 'ccumulste4 switching
events wich icramit; aplied voltage.
Time scale 2 us/DLV. Fig. 6a L b. C-f, G-f plot before and after

svitching

Ti;. . Tht log of .d (delay time) as a

function of applied voltage ior the
3i-XbO,-3i devices

7b 7C
Fig. 7a. Auger electron spectroscopy analysis of
the Au-ii-bO,-L-Au single crystal shovs~diifu-
sian of 31 into o02 in the depth of 300 A before
switching

fig. 7b. Shovs diffusion of Bi Into MoO 2 poly-

Fi;. 5s. Shows a Schottky plot before crystalline after suitching
switching Fig. 7c. Shows an i ncreased diffusion of Ui In

,bo02 polycryscalli.e after svcching

F!., 5b. Log " vs Log V ploc shows the etl-.ina-

.ion of Schottky barriert.¢er switch- Fig. 3. X-V plot taken from Tek.tron.i.x turve

In& t:"acer
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17.1

I== OfPTIZATION; FOR ?PLSLD VCE= CO. tSION*

. . TUCKZR, E. C. C(A.E, and W. P. BROOKS
Sandia Laboratories, Albuquerque, N4ev Mexico 87185

R. E. WILCOX and W. D. .IXIEWICZ
Intermagnetice General, Cuilderland, ,(ev York

Abstract

A flux compression generator called PULSAX Is Lbductively ,oupled to the renainder of the systen.
being developed to meet pover requirements for The arature is nested Inside the generator coil

future fusion reactors. Key components of the bore and is initially loosely cuup!4d to the pen-
generator are superconducting magnet, generator orator coil. Additional components are required

coil of normal conductor, and an armature, either for structural suppor" of the generator coil and

a metallic conductor or plasma. Chemical energy shielding of the superconducting magnet.

is used to Increase the mutual inductance baert.n
the aruture and nested generator coil and super- Chemical energy is used to impart an initial veloc-

conducting magne'. Flux compression occurs and ity to the armature causing the armature to expand

electrical energy is transferred to a load induct- In the bare of the generator. Mutual inductance
of the generator coil and armature increases, con-ance. This paper uvill present the results of a

study that vas cojucted to design a suitable verting kinetic energy of the armature to electri-

superconducting magnet for the PULSAR device. cal energy in the load. Diring the energy pulse,

currents are generated in thu various components

Introduction resulting in !orces on these elements. The super-

A pulsed energy generator, PULSAR,1- 5 is being conducting .egnat unless properly designed may

developed to meet inergy requirements of future quench vhen subjected to thes conditions. The

fusion research. The primary components of the results of a study conducted to optixize the ng-

generator, illustrated in Figure 1, are a super- net for a fixed load energy output from a FWAR

ccnducting sugnet, a generator coil of normal generator operated with a metallic armature are

presented in this paper.
NOW4OM COIL- STM. TUK

System Analysis
AI TU( Figure 2 shoes a simplified circuit diagram for

?ULSAR. Additional circuits are required to model

0%ul,. tcL~sci

Fig. 1. PULSAR Generator
conductor, and an aluminum armature. The super-

conducting magnet supplies the initial flux to the o, /
bore of the nested generator coil. The load, con- ,

nected in series vith the generator coil, is not C

*This uork was supported by the U.S. Department of
Energy, under Contract AT(29-1)-789. Fig. 2. Circuits Used to Model PULSAR
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structural and shielding componn. The super- syscms to produce the standard output. Two pria-

conduccing magnet and generator coil may be modeled eip&L constraints are readily apparent: (1) it Is

as a single circuit since each Is wouAd to control desirable to use veil-knovn superconductilng moter-

current distribution. All other components are Lals; therefore, the mgnetic field density of the

modeled by dividing each component into radial and magnet should be limited to ST or less; (2) struc-

axial places to account for radial diffusion and tures becoze Increasingly hard to build It pulsed

xial drift of current. rach piece has self- fields of 20T are repeatedly applied, therefore.

inductance. resistance, and mutual inductances to the axial field at the generator vall should be

all other circuits. Since the armature is expand- limited to 20T or less.
Lng, its self-inductance, rexincance, and all mu-
tus. Inductances to the armatut. aret functions of Four Pulsar systems, listed in Table 1, were de-

armature position. The farces acting on the armA- signed to meet the 10 W output requirement. A

cure are calculated, sumed, and the resulting preliminary evaluation of System 1 established that

motion determined. initial conditions for the sys- excessively high fields and energies would be pro-

tem are the superconducting magnet current, the duced and a detailed design was not completed.

mass. Initial position and veloc!ty of the arm.. Systems 2, 3, and 4 are cooprable in terms of

cure, and the electrical properties of all compo- energy end field. System 4. will of course, have

nents. a larger cryostac, which vill be more expensive.

Savings vill be evident in the amount of supercon-
To compucer codes, ?ULSAD and CYLSEG, have been ductor required In System A.
written to solve the equations which describe rUL-

SAl perf(irmanco. Although similar, each has din- Hat-a€ Denie

cinct advantages in cerrain areas, and both have The magnets of Systems 2, 3, and 4 waro design by

been used for this york. lutermagnetics General Corp. Cuilderland, ,IY. Key

factors considered were shielding against the tran-
The PULSRAD code vill solve 10 sacs of circuits of sient field, conductor design, winding design, cry-

unequal length each with uniform axial current oscac design, and cost.

density. PULSLAD is not capable of using divided
components. The CYLSEG code wll solve A sets of A number of different shielding gosition altemna-

circuits of unequal length, two with uniform axial tives are available, Referrig to F!gure 3, shields

current density and two capable of being divided of copper or alunn , . could be used with placement

both axially and radially. Additionally, PULSAD either Inside the warm bore, in the vacuum space

hus two modes of solution; flux equations and volt- or on the actual winding form. Analysis of the vAr-

age equations. The flux solution uses conservation bus materials and possible locations resulted in

of flu: and gives results that are losaless upper

limits of a PULSAR device. The voltage mode off
PULSRAD uses summation of voltage equations and

aives results that are in cluse agreement vch ex- O.D. of

parizent.3 CMLSEG operates in exactly the *a""Generator

=anner &A PULSRAD voltage mode. Warm Bore
Winding Tube

Paraneter Studv O.D. of Form

A small scale PULSAR device (,.10 J output) has Msgnec
6

been in operation for several years. To determine Fig. 3. Possible Shield Locations

magnet characteristics for larger PULSAR systems a placing the shield between the ragnet uinding forn
10 !U. output vax selected an standard. The flux and war= bore. This location has several advantages:

mode of PULSRAD code was used to si:e various (1) the shield serves as a heat shield, (2) heac in-
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ducod into the shield I% not directly coupled to The winding design of the three coils Is relatively

the liquid helium and (3) there is significant ma- simple and straightforward. The parameter study

terial saving by operating at reduced temperature. yielded the sagnet's energy, field, size, and am-

Calculutions show the saield will reduce the tran- pcre-turns. From this Information and the conduc-

uiant field to l or less of its original value tor design, the number of turns, turns per layer,

for pulses as long as -00 me. number of layers. and length of conductor is deter-

mined. These data are given in Table I. The de-
The design of the superconductive cable is based sign of the PULSAR coils relies upon a fully can-
on conservative cryostable winding design practices strained conductor. This conservative approach Is

ad a normal state neat flux of 0.2 watts/cm taken because of the possibility of mechanical
Figure A illustrates the rULSAR cable. The design shock during the pulse generation.

Cost lEstimates
Cost estimates for the three main systems ae sun-

*j marized in Table I1. The costs, in 1976 dollars,

include labor and material costs for the conductor,

winding, cryos~st, electronics (power supply, pro-.
tection circuits, and controls) and engineerinr.

"- Of imediate interest is the cost decreases as mag-

SystM A~ ) B(=) not tnargy increases. Novever, if on* assumes a

constant sgun t field level of 1.96 T for Systems

2 3.6 7.2 3 and 4, the energy each would store is AS IW and

3 3.0 6.0 70 RU, respectively. It is apparent that Systems

3 sad A are under-utilized and that the decreased
2.7 5.6 cost of wire will not offset the increased cost of

Fig. A. PVLSAX Conductor materials due to larger size. System 1, dropped

of the coil is intentionally conservative ad elim- from consideration because of high field levels,

mates the possibility of the magnet compromising was not designed and only a prelininary cost esti-

the pulsed energy output. Two areas that may lend mats was conducted. This estimate indicated a cost

themselves to reductions in size and thus savings higher than System 2. Therefore, a valley in the

are the conductor design and the shield design. cost curve does exist, and System 2 Is the most

The conductor normal state heat flux and the shield cost effective of the four systems studied.

thickness has been based on ?ULSAD and CYLSEG com- Large PULSAR systems, capable of producing energy

puter runs and equations approximating the perform- pulses of several 100 ILI, are under study at the

ance of the copper shield. A larer than normal de present time. Magnet cos: per joule will decrease

sign margin was used in these areas to reflect the for these systems. Additionally, prosent work on

uncertainty of the input dat-,. A 2aller margin plasma armatures6 will lowr cost of 10 W and

could perhaps be established depending upon a per- larger systems because of reduced shielding require-

formance evaluation of this system and a computer ments due to faster pulse risetines. Flux losses

code cc=bining the PULSRAD and CYLSEG codes. For in the center of the PULSAR device are reduced vith

all three systems, even with the magnetic shield in plasma armatures yielding additional saving on

0 place there is a dB/dt at the winding. Therefore, total syscem cost.

it is advar-tageous to move the NbTi superconductor

to the interior of the conductor. The additional Susrv

copper surrounding the superconductor acts as a The PULSAR system provides a unique application of

final shield. a superconducting magnet. Three different size de-

0
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signs have bees developed, allowing flexibility in TAALZ III

the arature-generator configuration. The basic Cost Esc.iates for PULSAX .Asnecat

differences In the dasigns are of geometry and (KS)

field. System 2, despite its smaller diameter. SVsc a-c Crvostac Oth*r Tocal

has the hishest energy due to its much hither field. % 548

The dimensionally largest system is System Is. hy-

ever, due to its ly field it ha4 the lowest scored 3 304 632 248 1184

enrgy of the three. ystems 2 has the most cost 4 275 824 28 1347

effective cnec.
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335

17.2

DESIGN OF T ALMA-ATUM VINDIXCS OF A CO(1ZNSAT-Da ULSED ALTIRqATOg MINEEIN ?XOTOTra

1. H. Cully, V. L. Bird, T. M. Aullion, H. 0. kyl1nder, V. F. Weldon, it. H. woodson

Center for Electroeechgnics, The University of Texas at Austin
Taylor lAl 167, Austin, Texas 75712

Abstract

The design of the armature vindings of a 6 kV, winding are located in the magnetic air gap between
70 kA compensated pulse alternator engineering the rotor periphery and the stator bore. he con-
prototype nov under construction at The University ductors ara not imbedded in slots, but are held In

of Texas at Austin is presented. Electromegnetic place by the adhesive bond formed by the ground
forces acting on the vindings and the resulting plane insulation (glass filled epoxy) and ch steel
mechanical and electrical stresses placed on the rotor or stator. The air gap configuration has been

armature insulatiof. are given. Test results of a proposed for large synchronous generators '5 and

program to select the ground plane insulation has been used for the armature winding of supercon-

system are described. Finally, fabrication methods, ducting alternators.6 The configuration Is used in
tooling, and probless encountered during construction the compulastor co reduce the minimum ar2a=re

are discussed, inductance and increase flux compression action to

improve machine performance.

Introduction

The compensated pulsed alternator (copulvator) is *

presently being developed by the Center for Electro- u b

mechanics (CDM) at The University of Texas at - . o- .tl

Austin. 1 .2 An engineerina prototype compulsator

rated at 6 W, 70 kA peak has been designed to
deliver approximately 200 U to a xenon flashlamp;

load and is nov under construction.3 A cutaway

drawing of the machine is shown in Figure 1.

Basically, the generator is a single phase slat"
alternator with stationary field and a rotating

armature. The armature winding and an identical , .

stationary winding are connected in series, so that V K . -

at one point per cycle the inductance of the arms-

ture circuit is minimized. The variable a unture
inductance leads to flux compression action, vhlch, VOL.*I"$

coupled with alternator action delivers high current ___._ a-
pulses to the flashlamp load. Typical performance ,,,0,,acW1

parameters are listed in Table 1. Figure 1: Schematic of Copulsator

Winding Configuration To minimize inductance the conductors are radially

Both the armature winding and the compensating thin and the radial separation between the rotor
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winding And SCaCOr VwndIng is as small as electrical one pole will be reduced a the moment of peak

and mechanical constraints permit. Since the curcnt. The resulting agnetic 'orce coward the
conductors are fully exposed co che applied magetic weak pole will approach S.2 x 10 5 s (185,000 lbf)

fleldt, the mechanical forces on the conductors and under fault conditions i, damping forces are neglec-

InsulatLon are larger chan in conventional. machinery ted. This force is removed by shifting the center
where the pri-ary forces at exerted on the rotor lines of the conductor belts adjacent to the weak
teeth. Therefore, multi-layer windings and vindings pole approximately 0.04' radians (2.4 degrees).
with crOssovers, such as the lap and spiral vindings This displacement does introduce An additional

shown In Figure 2, ate avoided. A sinlls layer, mas Labalace which must be removed during rotor
ultL-curn wave winding is used. The wave winding balancing.

is modiftd to elizinate the crossover by removing

one conductor under one pole =d using the closely
coupled compensating winding as the current return.

See Figure 3. Notice that both windings have

one missing coutuccor and ctat slip rings are
located at both ends of the rotor. U. Vea S V *we

Table 1: Engineering Prototype Parameters Figure 2: Conventional Armature indg ig

uber of poles a

Rotor Speed (rpm) SACO c m .rrn,.,
Rotor Angular Velocity (8ec-1) 5W5 "WJ MI

Open Circuit Frequency (Hz) 110

Peak Open Circuit Voltage (kY) 5.7

Minim= Armature Inductance (W)) 27

Armature Iesistance at 20'C (=I) 45 ~mimwn
COpensating VLnding Axis (tad) 0.147 ",
Peak Load Current (kA) 72 cj,

Peak Load Voltage (kV) 6

P 'ek Power to Load (MV) 430
Pulse Half Width (usec) 560

Dalivered energy (kJ) 200 --------
Peak Mechanical ?over (Avearae)(.W) 600 'COM MA.l  I CICLAT

* (at .a 545 uee- ouiPuT
Armature te:peratur, Rise ('C) 8.9 ---------

Peak Fault Current (kA) 150 Z -

Peak Mechanical Power (Average)(MW) 1450 Figure 3: Modified Wave Winding
tat am - 534 seeJ')

Ar'atu:re Temperacure Rise Under Fault 40 Conductor Desiun

"00) The rotor conductors are st:anded and transposed

to hold eddy current losses to = acceptable Level.

.1!ssing Conduczor Force Each rotor conductor consists of :an 0.165 -n

Since one conductor of both rotor r.d scator windings ;.308 em type S Lit: "aires (wound ten-in-hand)

are removed, the zagnecic pressure in the gap under supplied by 'ew England Electric Wire Company.
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Each Litz vire consists of 12 bundles of seven 030 normal conditions and 17.3 Ma (2500 pai under
AW AY londeze (?helps-Dodge) bondable magnet wires fault. The estimated stress concentration factor
whlch are stranded six around one. Each of the ten due to non-unLform flux distribution Is 1.5. There-

t: vires is vrapped vith Mexcce T159/1-0 prpreg foret, the Insulation system Is subject to a cyclic
gloss filled epoxy tape In a lincar wrap rather than load of 10.6 Wa (l;30 psi) and 26 .a (3780 psi)

a spiral wrap because of the minlmu slitin; vidth under short circuit. Tahe Insulation Is laded in
of pr*-preg cape. A cross-sec:lonal end viev of the compression at the zinc of peak shear stress by :he
Insulation System Is shown in Uigure 4. magnetic pressure In the air gap. The =mA.Imu

compressive loading occurs 100 usic after the pOaL

N shear stress and is a maximum of 33 %2 (0O psilUunder short circuit.
conectve Mx cal F15911551 has been slced to: thisa pplica -

INSULATION :Ion based on static rotary shear strength tests

-e performed by the Center for Electrzoachanics.

S, , ... Similar tests for copperlepoxy bonds perfomd by
TtC I LITZ CNOTI
CONU CcT SRFC Crian Aerospace also ahoy Mexcel to be a good

100111squf selection. The tape is supplied in S ca width by
0.24 me thick and is applied in seven half lap

T1~eTOTAN~ $LASS FIMTuft.TO , SmA.oms wraps for a total build of 0.335 ca. Nominal dialct-

tric stress is 16 kV/c€ (45 VP2). The peak

WMILATION dielectric stress anticipated is 30 kV/c€ (76 %7M).

/ / * . vhich can be impressed on the insulation In the
event that the lamps fail to trigger.

T STRAN dl

Sm Stator Cround Plate Insulation

Figur6 4: Insulation System The stator ground plane insulation must transmit the

reaction torque to ground through the adhesive bond
There are 12 conductors per pole for three poles betveen the insulation and the stator bore. It Is
and 11 conductors on one pole due to the missing similar in construction to the rotor ground plant
conductors for a total of 47 conductors. Therefore, insulation.

there are nominally 120 Lit: wires per pole.

Rotor landins
It is not necessary to transpose the 10 Lit: vires The centrifugal forces on the rotor conductors are
in a conductor bundle since the modified wave taken by a pre-tensioned glass banding tape vhich
vinding provides a natural transposition. A wire is vound on the outer diameter of the rotor.

occupying the inside position under south poles Cenral Electric Banding Tape No. 768!3 (60 end
occupies the outside position under north poles. tape 1.9 ca wide) is applied in two half lap waps

under 2200 : (500 lbf) tension. Me banding tape
Rotor Ground Plane Insulation also serves as electrical insulation betueen
The ground plane insulation must vithstand the vimzings and is normally stressed at 20 kV/cm
armature voltage to ground. nominally 6 kV peak, but (51 VPli). The maximum expected dielectric stresi
most importantly, must transmit the torque required is 33 kV/cm (85 VIM).

to decelerate the inertia of the rotor laminations

and shaft. The maximum average shear stress placed Stator Cap Insulation

on the adhesive bond is 7.1 a (1030 psi) under The stator conductors are wound on a thin 0.64
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axyer of X..pcon Insulating fil. The Insulation attached to tht copper output conductors by zeans of

Is formed by 9 layers of an Azlace adhesive coated canctleverd 1.6 ca thick copper scraps. These

YApton tape A7021 (0.076 m x 2.541 cm vide) X=u- scraps are attached Co provide A trailing arm

iactured by the Rogers Corporation. Chandler, brush conf guration. The output conductor rings,
Ari:oa. The tape is norwly stressed at 54 Wesc a fabricated from coppetr, are trooved to provide

(131 ' .) with the u axLasm of 90 kVlcx (230 VM ). uniform current distribution around the slip ring.
The *tator gap Insulation is -tot required to trans-

W czrge mechanical forces 4& are the other Rncar Shear Tests

ins114lt| on systams. A variety of stat c shear cests vere =de using

the double shear cest fixture shown In Fi;ure S.

. ,2hnicl Clearanco (E1ectical Air Cap) The sot Jig is made of mild steel and is cleaned

The 3,inisum armature Laduccace is directly propor- prior to each cst As follows:
tional to the effective separation of the rotor

vln., n and compensating vinding. The inductance 1. Sand surfaces with 180 Iric emery paper.

variation or flux compression ratio, varies as the 2. Degrssae vith soap And vacer.

Lnverse square of the effective separation. There- 3. Uip in solvent (aethanol).

fore. the echdaical air gap must be minimLzed to A1. Soak jig 10-12 minutes in Amerlan Clanizlde

obtain peak performance. The mechaical clearance PreboAd 700 a SSC.

of the 0.33 a dlam a.n roco' LA the stator bore is 5. Rinse in distilled vater.

1.6 =% (63 =nls) on a radLu,. This clearance is 6. Rinse in methanol.

dictated by the dynamic mechanical response of the T. Oven dry at 150*C.

totov and the voltage stress across the gap.

The cape under test is supplied or cut to 2.5 cm

Coro:a Suporession vidcth and is vrapped on the mandrels with a total

If sceps were not taken to shunt the air gap capaci- build zreater than the housing bore. The tape is

cance with a low reLscance, the air In the gap compressed approxiae.ty 15 percenc when the mandrel

vould be stressed beyond its dielectric Strength. housing is clamped tight.

To avoid this situation. both the outer diameter of ,, ,

.ha rotor and the stator bore are coated ith thin

layers of conductive painc and are Joined At iach

end through miniature brushes on copper slip rings.

The surface resistivity of :he conductive paint

Is 100 ohms per square (Tecknit Acrytlic -100 473-
t0'S). The peak stress on the air ap is reduced

to less than 6.3 Vlca at the =axinu= anticipated

voltage (10 kV) and frequency (10 k.:). .. ....

Ar-.cure 3rush Hechanism

7'sing the winding configuration shown in Figure 3, Figure 5: Photo-Shear Test JL;

4-rrent is collected at both ends of the rotor.

tich brush =echa-ism consists of 30 copper graphite Test results for a variety of insulcon tandIdates

jrushes t(organice CIS) uhich ride on a 25.4 c= are given in Table 2.

di=ecer copper slIp ring. Each brush has an

apparent contact area of 17 c=" and the maxfi-i The ftnal test of the Hexcel v'as perfor-ed to test

.'elocity is 70 =/sec. Air cylinders, clevis the bond strength between co Hexcel surfaces, one

=ounced in C-IO rings, actuate tho brushes uhich are previously cured and =acn~ned. The average shear



strength val reduced thirty percent. AThe Litz 'i:.cu.i-to-cu., insulaticn Is applied

linearly as shown In Tijure 7.

Tabla 2: Torsional Sher Tes: Results too 9"

Shear Stress

.-ial PPa (psI) Failure Mode

G.E. Mica Mat 77937 2.0(300) Adhesive
G.E. Kits ? at 77919 :.82(700) interl--tinar

1TVI.VOLD &0 ~ TW(

Dot' DErX 332 tze Layup 13.3(2000) Adhesive

Scotchply 1003 27.6(4000) InterlaUniar

Nexcel F15917731 29.6(4300) Interlai-%ar

Hxcel F15917781 27.1(3939)* lnterlauinar MV LA "* WC

Vexc&1 TrI917751 15.7(2720)* Machined L.-erface

*Tests performed a: end of material shelf lift Figure 7: Tu.n-to-Tu.n Tape oldIng

(2 months at 40')

A completed wire sample is sho n in Figure a.

Tool~n& and Fabrication

A variety of toollig is required for fabricating

the rotor winding and colpenatirs winding. This

tooling includes the folloving:

1. Collapsible stator vinding mandrel. " ,'es

2. Turn-to-turn insulation vrapping machine. i1I .

3. Litz wire feeding mechanism for winding 0 1 3 3
tetn-in-hand. " CENTER V"OR£ELECTROMECKANIC$

t. Rotor/stator mandrel support fixture.

3. Tape tension devicelbanding machine.

The collapsible stator vindina mandrel is shown

in Figure 6. Figure 8: Photo-Sample Lit: Wire

€ T 1" 1101, The following table presents each step of the

winding sequence and solutions to the miscellaneous

problem encountered during fabrication are lIstaed.
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* a ' Lubbock, Texas, June 12-14, 1979.

2. W. F. Weldon, V. L. Bird, H. D. Driga, K. H.

STATO cI"u-,o, Tolk, H. G. Rylander, H. H. Woodson, "Funda:ental
ASSEWSLY Linitacions and Design Considerations for

Compensated Pulsed Alternators," 2nd IE-E
Figure 6: Stacor Conductor Assembly
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Table 3: Fabtieacion of CoOpesacin; laitog,

troblmfi A.d Solucions

Proendure Prot Solution

TAbrcace Air ;ap Insulating Saerial. compound "Itla Linaced ecruccure out of

virn~ng spacers at end turns prevents convecional sachining 0.5 W C-10 sheets uSIZI

U09( $23 tpoxy. Grind shape

by band.

Vrap NexC41 T391710 !poxy flow at room cspoeracure causlni cape Nove process to refil|eratsd

turn-co-turn Insulation co &trotch Mnd epoxy to coat jig rollers. room at IOC

VIap .Atpcon scaCOr Air Uapton shifts during cure cycle. L.in ated Cure in cto steps. Use

1p .ulacion on v nd -0 spaceV4 var disposable at shrink cape
zandral. lond C-O spacecs to control .APcptn diastcer.

i posio. I*" C-lO spacers vith

MexcaL resin. Kald spacers

in place wich both hose

cimp. Ad shrink file.

!nJ LI:: uirt :an in hand iLes a c sove independently. .asc hold in Wae. Jigs to locate each

place As rotate horizontally bundle of 10 wires itch

respect to spacers. Use
inner tubes to hold uires

in place.

.rzp Pixtel F159115 1 Voids uat be Milled to prevent air bubbles tain: an epoxy before wrapping

,nroud plane Insulationi

,la=p polee Around =ndrel Voids or wrinkles in cape after l0: compression Built jigs co locate 4 pole

caused strss concentra:ion pieces. !Ach piece rotated

into place rather chn
slidng at Interface.

,arln; if insulacIan syscez Large structure/no avillable oven Bonded nichro=e element

resistors to heac places

wich cher-on heat transfer

cenant. Strapped resistors

to poles and bore of scator

mandrel.
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17.3

Mt~ MCUNICkt DESlCG( OT A 0O"W~ATED ?IMSED ALTELUTOX ?WOTOTTZ

H. 5rannan , . L. 3trd, J. H. Cully, X. L. Spann, X. .. Tolk. U. 7. Weldon,

N. C. Xylander, N. H. Woodson

Cancer for £lec:oe:hsncs, The University of Texas at Austin

Taylor Nail 167, Austin, Texas 7o1

A!AsrAct

A prototype o a co=rinsated pulsed alternator Oesttn

(cca¢ulsacor) is presently under construction ac Figure 1 shovs a cut-avay Isometric drawing of the

the Cancer. or Eleccrom cha ics (CEM') of The Uni- coepulsacor wi hout external connections such AS

versity of TxyAs a Austcin. The unique achine oil linei and pumps for One bear±..-Is, aocor-drive

Confiuratclon And peak output current (150 kA) %en- system, fLeld coil connections and poe: Supply,

tate let-.* forces not typically seen by conven- and output contectors co :he flashlap load. The

:o.Al -ocating ch- ,-a. The rotor is tade of three major mech.nical componencs discussed are:

2913 laminations shri,'f fitted on a ver:ical shaft. 1) rotor. 2) back iron and 3) torque frame.
Since tht rotor has arn L/D of 3.2 and a axaimum

speed of 5100 rpm, t ese lnsulxcsd laminations are -TORt FRAME

cl=z=ed on the ends with large Belleville mashers

to iicrease tht efective stiffness. The stator is WV swiw- AMI&PW10

=ounted an A torque franot which allows it to rotate

during dischare co roduce the !orces tranmmitted ,

:a ground. the mechsnical, considerations And

lai~Ln of this machlne are presented. -

.nsLdu -r SAM

The co-pulsscor ia a rocaci-nr energy storage device ROTOR ITA704

uthic provides his~h-voltagt, high-current pulses by
ucil:in; the principles of agniecic Induction and

ilax conpression. Although Initially Invented to V .- ,

pover the f lshlazps used .n the Shiv: .Nova laser , .

fusion fa~iyat the Lawrence 1.ivernmore Labors- -

to.. cn, :oapulsacor is also presently under study "

is a ;ouer supply for other applications requirIng - A*%

.:r=p4c:, high-tntr;y, high-paver :epeci-iva or single
k, sTutc Le't

pulses. The eng-neer-ng prototype compulsacor under

consc-ction Is a one-half scale zod*l of one of the

machines :o be used in the Shiv: Nova laser facilicy, Figure 1. Cacavay Isonecric of Compulsacor

Mhis paper presents :ha mechanical design. For de- . Rtor

coils of the principal of opcraticn, electric3l tn order to :educe eddy current losses, the rotor

lasign. and 4rnature *wirdn; design. see references .s = d of .913 steel (.4-19) laninations, 0.036 c=

1. 2. and 3 respectivelv. (O.014 in) chick. 38.1 c= (15 In) in dia.ecer and



shrink f!ctcd on to an AISI 4340 steel shaft heat

treated to 94 34. 34CAUje the noxina.l shaft dias- I • , ,

eter of 9.65 em (3.5 in) Is Insufficient to keep

the first rotor critical above the maxiaum operat-
Ing speed of 5400 rpm, it Is necessary to compress t

:he laumlAtions ln order to increase the effective

stiffness. The rotor cannot be alloyed to pacs 4i

through a critical because hystercitc losses froa * I
sliding of the lamination interfaces vold result

In a rotor instabili y'. The lamination preload

is applied with tvo (one per end) large, citanlux

UellevIl1a vashers, 6.03 cz (2.375 In) thick And ,

35.1 Cm (15 In) In diameter. hecause of the sell*- 0 ATED LAMMATIONS

villa asher configuration, h ' preload of 2.67"0 S L _T IO
(600,000 Ib) preferentially loads the outside d5mw- L & to ,4 ,. 1 $ ,j

eter of the laminations although the vather vil be LS I ISO tot

flattened to partially load the inner diameter also.
Figure 2. Resistance vs Load

The required preload yes not arbitrarily selected, The n.ixt insulation teuted end finally used was a

but resulted from a series of tests performed on military refinesn concentrate made by Atlanta

sample stacks of laminations. Th* tvo guiding Co tlery. it is a chemical conversion coating .ihich

design criteria were the interlaminar resistance phosphatizes the surface. The varnish previously

and effective modulus versus load. Vith increasing applied wag baked off the laminations before the

load, the effective flexural modulus of the stack chemical conversion costing was applied. The resls-

of laminations increases as the interlaminar resis- tance versus load of a stack of 500 coated lamina-

tance decreases. tions is also shown In Figure 2 and at 3.11 x 106S

(700,000 lb) measured 9,040 ohms, over an order of

The desired lamination core plating, C-5, could not magnitude above the design goal of 391 ohms. Note

be obtained on the schedule required for construc- that even as the load was fluctuated, the resistance

tion of .ht prototype. The plating received, C-0, remained relatively stable and repeatable. The

was unacceptable and required that an interlainar resistance did register lover after t. * load was

insulation be applied that could take the high decreased than vhen the load wis initially applied.

loads. The first type of insulation tested was This is probably due to an increasing number of

Sterling U-67/PS, an air dry varnish, small asperities breaking through the insulation as

the load is increased and then remaining in contact

Figure 2 shovs the measured overall resistance with the adjacent lamination as the load is de-

versus load of tvo separate stacks af laminations, creased.

The bottom curve is the test results of a stack of

1000 varnished laminations. Even as the load was During the same cest with the chemical conversion

* held steady, the resistance continued to drop and coated laminations, the amount of axial compression

at 1.33 x 10 6 (300,000 lb), measured 182 ohms. versus load was measured and is shou.n In Figure 3a.

This uas unacceptable since a value of 782 ohms Uhen the stack is initially compressed, the total

was desired in order to keep the eddy current losses deflection is significant. This is a result of the

at an acceptable level, air being squeezed out from between each lamination,
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small asptricLts being flattened, and any varpage suspected this ti.e element !# 4 result of the air
5n the llnatiltton being flattened. Uhen the same being squeezed out from betvcen the laminations.
stack Is then compressed a second tse, even, After Another Laportant tact is that after .h. stack stops
sitting unloaded for ore day, the total deflection c:eeping and the load is fluctuated. the stack does

is considerably less. The Lncresting fact is thatc not load and unload along the s-ie curve, Ind-catin;
the slope o the curve as the load is decre sed is some 14steeSais In the stack.
the ism. indicating that After the stack is loaded.
Its uechanlcAl charac:eristcs are repeatable. Since the resistance recained high for a.l the loads

tested, the level of load to be used is doetarined
Fiure 31b is an enlargSd section of the first load- by mechanical limitations. t.* Belleville washers.
te curve and shout some other interesting facts. uhich apply the pveload, are held in place vich two

large nuts which also serve as the bearing jouarnals.
is LS &A u a.., . Thesoe nuts vill be tightened using a stud tensioner

t" ,loaned to LIN by the* Du~ont chemical procalisint
4" tee " Nplant in Victoria, Texas. The devce works by

I." e stretching the stud (in our cas, ie shoft) bnd

, ., then "hand tightening' the nut down against the

r. t %6 4 L4 lelleville vasher. Th. device has a 3.56 x 10

W. **Ofm (800,000 lb) pulling capacity vhich produces the

.figure 3b :axixmn stresses the modified 60 stub-tooth Acne
threads and sha€ can take. oue to relaxation in

uae e ,,' ~'.athe threads as the lod Is transferred from the

I ,.*.-- ------------- stud tensioner to the nut, the resulting preload

::: will be less although the aliimuts desired is

-. ' * 2.67 x 10 6 3 (600,000 lb).

Clasped up sections at laminations 22.9 c: (9 In)

long were hored vith a taper ot 6.86 x 10" cn

SSecft4 L~t" (0.0027 in) an the diameter and the shaft then
ground to match. After the applicacion of the [ant-
nation insulation, the inner bore of the laminations

waere aligned for the shrink fit by pulling one la:h=-
C q04

nation at a time up againsc t o small ground shafts
13 J glued together and Inserted down the bore. The

,C.*.1* , antlre stack was then clamped as tightly as possible

Figure 3a vithout Affecting the bore align=ent. The alignment

Deflection vs Loai was checked by lowering the shaft in at roo: temper-

First note that as the stack is brought to full ature until :he capers =atched. The final shrink

load, at two points the load is reduced and the fit was done by chilling the shaft in liquid nicro-

stack still shous an increase in deflection. This gen and then dropping itc into the la=inat ons.

-is noticed in other tests not presented here and Figure 4 is a picture of the rotor with the Belle-

is due :o the amount of :=e the stack is alloyed ville washers and nuts in place and the back Iron

:o sit at load before the deflection Measurement is in the background.

made. If the load is held steady, the stack will
continue to compress for many minutes. It is



395

The thrust bearin; is a two sided, self alignin;,

tilt ing pad, hydrodynazic bearing made b } Kingsbury,

Inc. Each side is instrumented with a ATD and the

loaded side has two load cells to measure steady

state 4nd dynamic loads.

Since this is an experimental machine and will be
started and stopped many times, a high pressure oil

inlet at the end of the shaft is used to lift the

machine off the thrust bearing pads at zero speed
to avoid excessive wear of the pads. This will

only be used during start up.

Figure 4. Rotor anA lack Iron ' K a X

The inverse of the slope of the curve in Figure 3 X

can be considered an effective Young's Modulus, X, -X

EffC of the stack of laminations in compression.

Using the data obtained on the final unloading in Kf

Figure 3b, Eef - 1.85 x 1010 a (2.72 x 106 psi).

Although what is actually desired is the flexural 2

modulus, it could not be measured and the above M-* W. 1~ *m -.3 X ,

E should be sufficient for the dynamic talcula- t0- M10,s sITr4 ss-w-IuM
tion'ts, WUI"  M - W*

- Inn n IN= "uCJs 5M W=1ma
A discrete, lumped mas.3 model of the rotor-bearing- *eatm 6 -Wt1
support system (see Figure 5) was performed using V- wnc veua nimm - 3.7 x I W,

a CDC 6600 computer to solve for the complex eigen- A.- A"orM -1.09X a

vectors and complex tilenvalues. The torque frame, ?I - MW Wv INK 9.7 X0

bearing supports, bearings (including 
damping), and

rotor are included in the model. The firot rotor Figure 5. Lumped Mass Dynamic Model

critical is calculated to be 621 rad/sec, 10% above

maxim=u operating speed. 2. Back Iron

During a discharge, the back iron must withstand

The :sdial bearings for the machine are tilting pad, two forces generated from J X B forces and flux

oil lubricated, hydrodynamic bearings made by Rings- compression. These forces appear as a torque and

bury, Inc. A special design feature incorporated an internal pressure applied at the inner diameter

into the bearing is spherical buttons on the back of the back iron where the stator conductors P're

of the pads which allow for axial misalignment or located (see Figure 6). The back iron is designed

cocking of the shaft. Each bearing is instrumented to withstand these forces under steady stAte con-

with a resistance temperature detector (RTD) ditions for a peak fault current of 150 kA although

embedded in the babbit to monitor pad temperatures.
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this peak current only exists instantaneously during etends the active length of the conductors and the

the pulse. stator end turns are supported by stainle;s steel
rings bolted to the end of the poles. Figure 7

shows the back iron suooort~d in the tozau frame.

Figure 7. Back Iron In Torque Frame

3. Torque 7rame
The torque fram is a structure designed to support

the coopulsator and alo a slight rotation of the
4O.4 " DLS 0 W4.S4 .I, we, back iron during a discharge (see Figures 1, 5 and

* UtK 2T1'' C • W 4 IWSWet 7). By allowing the bAck iron to rotate, the total

Figure 6. Back Iron peak Xoad transferred to the torque frame as a
result of the discharge torque is reduced from

The reaction torque of 2.70 x 10 6-4 (1.99 x 106 6.82 x 106 N (1.53 x 106 lb) to 1.15 x 1053 (2.56 x
ft-lb) and internal pressure of 20.7 Za (3000 psi) 10 I o). As the back iron rotates, it compresses
=ust be sustained with no relative movment of the Belleville washers against I beams which for the
pieces. The stator conductor is epoxied to the structure of the torque frame. The springs are
inner diameter of the back iron and any slippage essentialy serving as force attenuators. There are
of a back iron member could Initiate a crack in the two sets qf Belleville washern being compressed at

epoxy. The ideal geometry for these forces would each of the four corners of the torque frame located

be a cylindrical vessel, but a casting could not be at a radius of 79.4 cm (31.3 W from the center of
obtained in *.me. An Irregular octagonal structure the copulsator. The back iron is allowed to rotate

made of 16.5 cm (6.5 in) plate as seen in Figure 6 0.00733 radians. compressing the Belleville springs

evolved with the sides Interlocked with closely 0.582 cm (0.23 in). The torque frame is constructed

toleranced keys and slots. This allowed for mosc of eight I beans (6112.5), two per corner, which are

of the load to be taken b:- the keys in shear. connected at the top and bottom by a square formed

from rectangular tubing. In addition to resisting
Another significant design feature of the back iron the discharge torque, the frame must support the

and poles is that they do not extend the length of mass of the copulsator, approximately 9.07 x 103 k.
:he :otor. if this had been done, the axial forces
on the end turns at each end of the rotor from the Acknowledqe=ents

applied field and the current in the conductors This work is supported by the U.S. Deparrment of
would be very large and any as)yetry in the field Energy, Lawrence Livarmore Laboratories tPurchase

vould pull the rotor to mne end and overload the Order 3325309), and the Texas Atomic Energy Research

thrusc bearing. Therefore, the back iron only Foundation.
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THE DESIC, ASSF L¥, AND TESTMG OF A DESK MODEL COENSATED PULSED ALTE ATOR

M. A. Pichor, W. L. Bird, H. Brennan, M. D. Driga, 1. H. Cully

H. 0. Rylander, X. H. Tolk, W. F. Weldon, H. H. Woodson

Cancet for £leccromchanics, The University of Texas at Austin

Taylor Kill 167, Austin, Texas 78712

Abstrac

The Cancer for Electromechanics (CM) ac The Uni- inductance of the rotting coil, reducing it to a
varsity of Texas Is currently involved in the small fraction of its normal value. At this

design, fabrication, and cesting of a prototype instant, a very intense pulse is generated; after

compensated pulsed alternator (compulsacor). This the pulse, the inductance again rises to Ls ori-

machine, a new concept in pulsed pover technology, ginal value.2

utilizes the principles of magnetic induction and

flux compression to convert rotational energy Desitn Philosophy

directly into electrical energy.1  The desk model coopulsator, intended as a portable

demonstration device, is destgued to operate from

The subject of this paper is a one-fifth scale a 120 Vac wall outlet. The motoring system and

version of the CMt prototype. This desk model com- magnetic circuit of the machine are si:ed accord-

pulsator is a portable demonstration machine ingly.

designed to operate in the same fashion as the full

scale model. Rotor

The rotor consists of 6.99 cm outer diameter ring-
Introduction type lsainations shrunk fit onto a 2.54 cm diameter

The compulsaror was invented to reduce the large stainless steel shaft. In addition to the shrink

volune and high costs associated with large pulsed fit, the laminations are compressed axially by

power sources. Because of the machine's unique stainless steel nuts on each end of the shaft.

characteristics, it is able co produce the high- Attached to the O.D. of the laminations, the rotating
voltage, high-current pulses of capacitors in a coil is wound in a serpentine like shape (Figure

more compact and economical form. 1). The coil conductors are stranded and trans-

posed (Lit:) wire used to reduce the losses associa-

Althou;. the t.o ..a... Ofer volume .nd caet ted vIth skin ad proximity effects. The shaft is
savings at high power levels, the advantages bacome supported both radially and axially by ball-bearing

less prominent as the si:e of the power source is units press fitted onto each of its ends.
reduced. Because of this, the desk model compulsator

is not intended to compete with other power sources The limiting speed of the machine is deterzined by

in Its output range, buc rather to demonscrate the the rotor's first critical frequency. For a worst
operation of larger cozpulsators. case assumption, the shaft alone is assumed to

provide the rotor's stiffness (additional stiffness

Principle of Operaclon is expected from the compressed lominations). The

The design feacure chac makes the co=pulsator unique resulting rotor stiffness is 3.713 x 10 :It/'. T he

1s a stationary .oil almost .dentical to :he rotating ball bearings are supported by an Aluminum structure
winding. When tne two coils are in their closest bolted to :he compulsator's outer housing (back

proximity, the stationary coil counceracts the iron); the bearing support stiffness in its veakea:
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POLE

BACKIRO BALL BEARING

BRUSH HOLDER

BEARING
SUPPORT

* BRUSH

ROTOR SHAFT

LAMINATION NUT STTOR COIL
AND SLIP RING

~ROTOR COIL

FIELD COIL

Figure 1: Desk Modal Compulsator

mode is 9.19 x 10 Nt/m. The effective sprint con- field attainable. The magnetic air Cap between the
stant is: rotor lainations and each of the four poles is

0.511 ca. The number of apere-turns required to
3.569 x 10G t/m give the desired flux density in the gap is (assum-

ing no losses in the back iron):
(2.038 x 10 lb/in.) (I)

Nfc - - 6.096 x 103 Ampere-turns

is the rotor stiffness. The first critical where 3 is the magnetic flux density, S is the

frequency is then: magnetic air gap, and u is the magnetic perze-

Keff 1/2 ability of air.
= (---) - 738 rad/sec (2)

The field coils are vound from No. 13 copper =agnet
vhere i s the combined shaft ad rotor mass. vire in a conical shape around the poles (Figure 1).

For a single field coil of 462 turns, the current
Magnetic Circui: required is 13.19 Amps. The corresponding length
The magnetic circuit of the desk model compulsator of the coil ip 302.3 m. The coil resistance is
is designed to operate at a flux density of 1.5 T. given by:

Because the machine is to operate from a 120 Vac oLc (3)

wall outlet and be portable, this is the highest A
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where 0 is the electrical resistivity of copper, square brushes at each end of the oor (Figure 1).

Lgc is the length of the wire in the coil, and A is Tho brushes ride on slip rings which are mountced

the cross-sectional, area of the wire. The four on top of the nuts used for coepressing the lami-

field coils' voltage and power requirements are: ations. The brushes are spring loaded onto the slip

rings, the spring force provided by a canctllevred

V 4(L, A 107.1 Volts (4) strap that also series co carry the discharge
fc. C fc "

current out from the machine.

P - 4( fc) RfC * 1413 Vatts (5)

Electrical Performance

where i€ is the field coil current. Note that The desk nodel compulsator has the following

the voltage Is such that it can be conveniently electrical characteristics at an Intermediate

provided by a full-bridge rectifier using a 120 Vac operating speed of 565 rad/sec:

outlet.

Inertial Energy Stored - 600 joules

The temperature rise is obtained by assuming that leak Terminal Voltage - 200 voltS

all the power inpuc results in heating of the coil Peak Current a 500 amps

wire. For 60 second operation, the temperature Armature Resistance - 320 *

rise is: ,ininmi Arsacure Inductance - 8.6 uH

T -Pfc 7.C (6) Inductance Variation - l.45:l

Xfc p Pedicted performance Into a three circuit flash-

where .4, is the mass of the coil, Cp is the lamp load as well as short circuit current

specific heat of copper, and ac is the period of characteristics are shown in Figure 2. The plots

operation. . s.. or iecijr

ISO / -' *CM

This is a conservative coil design In cer-s of
temperature rise, since the desk model will be I

used only for intermittent duty. s -OAo voLTAG 0

.ie desk model Is driven by a 0.75 kW (I hp) I\I0
universal motor. The motor is directly coupled to

the compulsator's shait by a high-speed flexible 75 5

coupling. Speed vatation is accomplished by an .\ \ 200

electronic speed control, permitting a wide range 50 / \ \
,LOADgO KN

of operating speeds and the flexibility to adjust

ta differing loads. 25 too

Brushes - -

This machine uses solid brushes made of coppar- 0 .o t. 2o 2.5 5.

graphite, chosen because of low voltage drop, as TIME (mw)

well as fric:ion, heating, and wear considerations. Figure 2: Desk Hodel ?redicced Perfor--nce

The contact area of the brushes is such that the

resulting current densities present no difficulties, shown are for simplified fashiaup circuits sIng

ideal switches at a machine speed of 565 rad/sec.
The brush arrangement consists of four 1.27 c= Trigger and start-up are accomplished by methods
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discussed in reference 3. a) experimentally ve:Ifyin; the basic machine

constants,

The curves indicate little flux compression effact b) comparison of actual machine performance

in the desk model. This is a consequence of scaling to p:tdlcttd values,

down from the larler diameter machine; that is, C) a:teupting to minim!:e :he Various sources

flux coupression Lproves with the increase in of mechanical and eldctrical losses, and

%achine diameter. d) determining machine eMl:iency In varous

modes of operation.

Additional information concerning fw'dmntal

limitations and load applications of cOmPulsatOrs can The desk model copulsator research projqea is

be found in references 3, 4, and 5. funded by Lawrence Livermore Laboratory, the

U. S. Department of Energy, and the Texas Atomic
Yabrlcarion mid Asseublv Energy Research Foundation.

Fabrication and assembly of the desk modal are nov

underway a: The University of Texas. References

1. Lawrence Livermore Laboratory'$, "Compensated
The shaft was machined from type 304 stainless steel Pulsed Alternator," brochure concerning the

compulsator invented by the Cncer for
bar stock. King la--inations wre purchased frou Electromchanics, July 1978.
Arnold Engineering Co.; the inside diameter of the

*2. W. r. iVeldon, It. C. Ryl-,,der, H. H. Woodson ,
laminations was bored to the 2.54 ci shaf! diameter, "Inveaion from Rsearch,' DISCOVIrY: Research

and the laminaciona vere shrunk onto the shaft. and Scholarship at The University of Texas at
Austin, Volume Ill, N-mber 2, December 1975.

The back iron and pole assobly was manufactured
fromcol-roledstee pltes Th 1.95 c thck . 5. H. Carder, "*Applying a Compensated Pulsed

from told-rolled steel plates. The 1.905 ca thick Alternator to a Flashlamp Load for NOVA-part I,"

back iron plates were assembled to form a 21.59 ca 2nd IEEE Initernational Pulsed Power Conference,
Texas Tech University. Lubbock, Texas, June

square structure 20.96 cm long. Four 3.31 cm pole 12-1, 1979.
plates were then fastened to the inside of the A. U. F. Ueldon, U. L. Bird, H. D. Dra, K. H.
back iron structure. Tolk, H. G. ylander, H. H. Woodson, "Fund-

mental Limitations and Design Considerations
for Compensated Pulsed Alternators," 2nd IEEE

The field coils will be wound from No. 13 magne: wire International Pulsed Power Confeence, Texas

around each of the four polar. Epoxy is to be Tech University, Lubbock, Texas, June 12-14,
1579.

applied to the coils after each layer of wire 
is

wound, so that the field coils form spool-type units. 5. V. L. Bird, D. J. T. Mayhall, W. F. Weldon,
11. C. "Rylandar, Rt. 11 WoIodmson, "App;lyin5Y @

In addition, the coils can be removed from the poles Compensated Pulsed Alternator to a Flashlamp
should repairs become necessary. Load for NOVA-Part I1," 2nd IEEE Linernacional

Pulsed Power Conference, Texas Tech University,
Lubbock, Texas, June 12-14, 1979.

Additional preparations for the desk model will

include winding both the rotor and compensating

stator coils, fabricating the brush set-up, and

manufacturing the bearing supports.

Testint

After assembly has been completed, the desk model

compulsacor will be thoroughly teoced. Some of the

testing program's objectives will include:

0.
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A COMMSSED .ACnTZC FIZLD GLI[ATOP SSTENS ,MOOEL

James E. Cover

Sanda Laboratories
Albuquerque, ,Eev Mexico 57185

;' "ode! 4L.tiug Cho volume of a compressed Sag- capacitor. When the capacitor is charged, c

vt~rc (L4!4 Zi-imor pulsed "owr system to its switch is triggered and the capacitor :aie

e~o~ ~c4 (..CO c iSt is developed. This syste Into the coil of the Itr generator. 'Pien c1"ie

mi4 .c;-as -inrly :,.&#Lty se .m - "oer density in the Off generator coil reaches a maxiam VYA.:

models of t e elgctrouic con bep ' and a 0(7 Sam- the explosive In the Mr armature Ls detonated a4

eracor model AaL. has been coan.?uae. experimetally the electrical eaty aapliflcation procus La

for system output emergies up to 5000 joules. Tor Initiated.

& Siven output energy there exists an opcimm Triger W enerator

selection of the pulsed power components co give am

overall miaium system volume. Under optimum 0

conditions the volume of the M9 X'.:U..aLor is .. dc-d Armure

to one-half of the overall system volume and the Converter
and

overall system volume Increases with the one-half Regulation

power of the systems output energy. a l i lectroics !eplosive
3% Initiation

ealeconic system there is a linear relationship loLUt

between system volume and output energy. Storage
Capacitor

vescritton of CIT Syste

.A CI generator may be employed as an electrical Load

energy anplifler. Energy stored in the explosive U ; :

of an aracure is converted into electrical energy Fig. 1: Cr Cenerator ?ulsed Pover System That Is

through a sagnetic field compression process. This Utili:ed For System Optimzation Studies.

results in an output eleccrical energy several Component Volume Scalin

tizes greater than the Initial electrical "injec-

tion" energy supplied to the generator. The physics A. Battery

of operation of C..F generators are veil understood he volume of a battery operating In the tens to

in a qualitative sense and significant progress has several hundred watts range of output pover scales

been ade in recent years toward developing Improved roughly with the output energy of the basttry
2 .

quanticative maodels
l . Thus,

!he overall W( generator pulsed pover system con-

siderad for these studies is shown in schematic- where Vb Is the battery volume, Eb is the elecr Ical

block diagram form in Fig. 1. The bactery supplies output energy of the battery and kb, the scaling

a low voltage (tens of volts) input thac is con- ccefficienc, is rcughly l0-3 c=
3/joule.

ver:ed to :he kilovolt rangp by the dc-dc converters. B. Converter and Regulation Electronics

The output fro= the converters is used to charge a Experience by dc-dc conver:er developers h" shown
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that dc-de converter volume scales linearly with capacitor to =eantaia this reliability over a broad

output povtr, or k temperature range and maintailnig a high pulse life

Ve --- , results in values Car k-Iof 0.06 jouleslc:3 for dry

where V0 Es thC volume of the dc-dc conerter and ya--Tr and =Ica paper capacitors. Ic has been
weulatio electroncs, Z€ is the output eleral demonstrated that the energy dentity of mylsr energy
energy of the converters, Is the tpu required co storage capacitors may increase to values as high As

charge the energy storage capacitor and ke is the 0.3 .oule/c3 by fleoding :he nylar with Fluorinert.
3 eaiae:a.ti einmto ol eutI

scaling coefficient . A significant range of values Refinmnt of this designuethod could result in

of kb may tt obtained depending upon regulation and enerLy storage capacitors whose energy denaiit is

reliability requirements, technology choices and as high as I Joulelcm
3 without diminishing rel.-

operating life. for these studies the range ability, temperature range or pulse Me capabUl&-

3 3 ties . Hence,

cm -c k -t.2 3
watt - t watt 16 ca /Joule 3 kc t 3 cam/Joule

is selected. with potential for obtaining k. a I c31joult.

The eficiency of dc-dc converters my range from D. Switch and M CoLl Resistance Losses

20: to 90. depending upon the type ot converter When the switch is triggered and :he energy storage

design. An efficiency factor. (to is defined such capacitor is discharged into the CIF generator coil,

that energy is lost to Joule heating in the switch and
Et .e "(r - coll. Nance,

C. Energy Storage Capacitor Eig ° sEt

Once one chooses the dielectric material of a where Eig is the Initial magnetic field energy in

capacitor, at upper limit is obtained for the nxi- the generator and is is the electric field to

amn electric field at which the capacitor may be magnetic field conversion efficiency. For most

operated, i.e., the breakdown field of the dielec- cases of practical interest

tric. The permittivicy is also fixed. Thus an 0.9 1 fs 3 0.7

upper limit is obtained for the energy density of a

capacitor. In practice, capacitors are operated E. M Generator

at electric field values uch less than the break- We hay, found by empirical methods that helical LIT

• down strength of the dielectric. One accepted generators have an energy gain per unit volume that

practice is to determine the average breakdown is independent of their volume . That it

voltage and the standard deviation of the breakdown E-RE . kgVg

voltage of a large number of capacitors and limit EL

the operation of the capacitor to voltages that are where E is the output electrical energy of the

four standard deviations below the average break- g o

down voltage. This operational practice results in the generator volue and k is he

generator scaling constant. This model was arrived
capacitors that are extremely reliable; however, at by observing data obtained from several generator

their energy density is much less than that suggested designs whose output energy ranged from 50 joules to

by the breakdown field of the dielectric. 5000 joules. Validity of the nodal above 5000 joules

We model the capacitor volume as output energy cannot be claimed because of lack of

- k v experimental data. Furthermore, it is clear that
c c C at values of output energy in the megajoule region

where V is the capacitor volume and kc is the :his scaling is not valid because the electri:al

scaling coefficient. Employing the high reliability outp~tc of the generator would exceed the energy

design approach as outlined above, designing the stored in the armature's explosive.



Our experiments demonsacrae that k has a range of overall system Tolima. This ;entral elatonship

values for (T generator pulsed pover sources has been

0.041c 3 3. kc kI 0.08/ca3  observed by others6.

over a broad range of load "-ductancd values and The iensit.vtese o1 the voltu.A of the W

injection currents o injection energy. generator And the overall CiF system to optimu

selection of components are tllustr.ed In Fig. 1
Syscms Model for an output energy of 5000 Joules. These data

The totl volume, V$a , of th pulsed power system Are based upon: k - 10 ca3 /vat, k - 0.04/cm 3

Is the sun of the volumes of the components or k - 16 cm3 /joule, (s - 0. and - econd.

V " V + V + V + V---0-. .
Iga b ea c 1 10000---------------

where ue have ignored: (1) the circuit th t deto-

nates the explosive armature, (2) the trigger

circui .for the svitch. and (3) the svitch. ?lack-

aging factors of LadLvidual components are not 00 V
Included. I I'  "

Tres the scaling difinltLonr c -i aw to shair V60s-0a I

Investigation of this equation for the -ange ot a 4000

scaling cefficients Shows .aot

"¢ k + ±

C lo

or the battery volue and the efficiency of the

dc-dc converters do not Impact the overall systia
volume; therefore, this term is ignored I-% further a io00 150 :00 250 300 250

calculations. Capacitor L'Erly (Joules)

One nay note that the volu=e of an all electronic fig. 2: Snsit ivty of €.F Generator System Volume

system. "a** or the system with the W generator and CIY enerator Volume, to OpcImu Choice

elt=minated Is of Components for a 5000 Joule System

V £e k + j Output.

or a linear relationship exists between output Nho a rhe volume of the system is not signlft-

energy and iystem volue. cantly affected by a range of capacitor energy
between 60 joules and 100 joules. However In this

The vailue of £ c.at results in minimum C.F system ergy range there is a dramatic variation In CIF

volume for a given system autput energy may be generator vol=m.

obtained by taking the partial dermvative of the

volume equation uitir respect to E and setting the Tha volumes of each, of the components are shown as

result equal to :ere. This Sives a funct.on of output energy in Fig. 3. Th scaling
. 1/2*12 oefficients are identical to chose used for Fig. 2.

~ 2 (ck) k(: .-. "E The volume of an all electronic system over this

'there the asterisks denote min-um volme condi- energy range Cs also included for tonpari-son

:Ions. Under these conditions the volume of the purposes. -.he sca.l.ing coefficients of :he elec-

CF generator is exactly equal to one-hzlf the tronics are identical to those used for the CIF
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sys~te. In this cast the scalln; coef-icitn:s Are rtalt,- as:

______0000_ . ..___ ke- 5 ca 3I"vc, k -0.04,' 3 , k€ "  ca € jcult.

lectronic Systef (* 0. and T - 10 seconds, or the sYsemS 9aIOY

5000 ehe most advanced pover electronics tccn -lo;y o.d

k a cons& vative oil' generator dtsln.
20007s.,,'

// c stem Other CAlCulatio n LIlustrate Chat Ch vouMe of . t

1000 1 V?1syst" i nsensitive to capacitor cUgLn; tizes

All" greaerhnce S ecns5 00+ tot att,

200 '1 at1. ProceedLns of Seco-d International Ca.nitencei ~o i egagllaus Malmot F'iel Centraction and

100 .. Iteod Topics", .9 h.ay - I June, 1979.

10 20 50 100 200 500 1000 2000 5000~ rz."~ ~J C )2. ?arsonal Comwiicatio., I. L Van IDo el, SLJ,

Albuquerque, Vv , 4exico.

Fig. 3: Volumes of ?ectrouic and Optimally 3. Personal Comnicacion, J. It. S:1-chAn. SLA,

Designed C CGeneracor ?ulsed ?ovwr Systms Albuquerque, Nev Mexico.

as a Function of Output Energy. The Energy

Dependence of the OCT System Components ?ersonal Conication, C. H. MAudl1n, SLA.

are Compared. The Char#& Time of the Albuquerque. New Mexico.

Capacitor is Taken as I Seco-d. 5. ?e4rogrA Comunication, A. E. Under, J. E.

The comparison becveen the W(1 system and the alec- Lesma an 0. .4. Suat:er, SLA, Albuquerque.

tronics system shown in Fig. 3 represents one 
N i,

extreme :ht is most favorable to the Off system. 6. Personal Comouniction, .Alcos Jones, Atoxic

The other extreme that sakes the electronics system 'eapons Research Establishment, Resding, M .

more favorable it shown in Fig. A.

10200 1 1 ,, j -

5000-- ---

I /

a Electronic SystemI..,

500

/ 10 System

100---.L.L
10 20 50 100 200 500 1000 2000 5000

Output Energy (Joules)

Fig. 4: Comparison of Volumes of 0( and Electronic

Pulsed Pover Systems as a Function of Output

Energy. The Capacitor charge time is 10

Seconds and Optimistic Scaling Coefficients

vere Selected for the Electronics.
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LUMM,? .157 11.28 - .26 (Z'4- !1.sxn~~5
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"here: P m power oupu (W thru 7 sbov results of --he study. The nnu
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%ions vas developed for the study reported in t.his frequency causes less than 100 pounds difference

paper. Of partIcular i~porsance in a std suc In the weights of zysze= 7, 8, and 9. Fig-are "

Indicates negligible Lpact on syste= ve~ght for
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18.1

A Cc*('.WIZED ,.4ESUYUNG SYfT MR ANOSEMC4D RISETL.- PULSED ACCIERATO.SO

0. Pellinen, S. Ashby, P. Gillis, X. Nielson and P. Spence

Physics International Company
2700 M'erctd Street

San L.andro, California 94577

Abstract previously used. The use of oscilloscopes or

transient analyzers would be very costly on theseJe 1A?,4, developed £ OV. coeputerized

diagnostic system for high vtage, high current large systems and would provide an wwArageable

pulsers. This diagnostic system uses electroic mountain of data to analyze.

circuit.s connected to nanosecod ressnset

transducers o maeur machine performnce at

crItical points. The voltage outputs of them: computerized diagnostic system for the pulser

cct r td to diqLtl form and modules on one such large system, the modulArcircu its Arms onvete dg 1 l n

directly read by a colmputer. 7.3p ajor advantages bremstrahlung source (MIS). This diagnostic

of this system are cost *ffecteveness and greater system uses electronic circuits to vasure machine

accuracy than commonly used occi Usoope or performance at critical points. The voltag

transient aralyrer systeme In applL~csan were utiuts of these circuits are .onverted to digital

it is not necessary to record alg form and directly read by a computer. The major

diagnostic wavsformas. Op ration is fully advantages of this system are:

compuerized and requires a miLw number of 1. A single data channel can be completely

personnel; the system is scalable to very large implemented for about $300 coopared with

multi-module 74nerators. - $20 K fur a transient analyzer.

. The system is more accurate than an

oscilloscope or transient anclyzer.

Historically, Vlsed accelerators have been 3. Operation is fully computeri:ed and re-

diaqrosed by placIng a sensor in an accelerator, quires a mini-m. r.uaber of personnel to

connecting zhft sensor to a cathodA ray operate.

oac.lloscope by a coaxial cable, and photographing 4. The system is zcalable to very large

.he resulting *aveform. Th data were reduced by multi-rodule genorbtors.

measuring key amplitudes or timas, or by manually

digitL:ing the photograph. Although computerized The approach used was to locate areas where

digit':ers and waveform analyzers were an improve- problems could occur in the his modules and place

mant, they basically were still the sae* as osci- appropriate nanosecond :esponse transducers, such

loscopes, but read out digitally. These metods as voltaqe and current stinsors, at these

were adequate when pulsers consisted of only a few locations. These sensors are connected I.o

modules with single switches. The c%Lrrent trend circuits that will record and hold the evirameter

is toward very large puisers with multiple we are -easuring, such as time, a peak amplitude,

switches or toward machines with many or an integral o2 a voltaqe. The data aro

modules. 1,2,3 On these newer machines the converted to digital form, read, and processed by

requirements for synchronous operation are cot- a digit..). computer.

siderably more severe, and the number of channel.

for diagnostics must be far qreater then We assembled a prototype system of -%is sort

'Work supported by Defense Nuclear Agency.



using commercial CAJMAC4 equipment and tested It on .o ANAtOG.T. 0.-41PLAY

.no ms module under development. Additional CWNI

dia "ostic system data were collected for approxi-

mately two months while the diagnostic system ran

auomatically under computer control. We found

that by using good grounding and shielding tech-

niques, we could use conventional inexpensive

hardwired connections to transmit flast signals

without causing spurious responses or damakge to

the circuitry or computer.

The two circuits used were a time-to-digital roI 0mocuTIA

converts: and a gated charge integrating module

with MA analog-to-digital converter. Figure 1 Prototype CAM4AC data acquisition system.
Specifications for 'the instruments are shown in

Table 1. The assembled system is shown in TableI
Figure 1.

COW M~R P.ZSPOtist

We will illustrate the operation of the Device Resolution Linearity

system with data from seven consecutive pulses on Time-to- 11 bits (1/2041) 2 2 counts

maS (Figure 2). These seven shots were selected Digital 50 PS. 100 PS ( .%
Converter or 250 PS switcha!ble

since they show two distinct diode impedance con-

ditions, and three of the shots show diode AnIalog-to- 10 bits (1/1024) 1.5
Digital (0.256 picocoulomb) counts

insulator flashes. Also, photos overlaying Converter

VA4VUM C4M5I

00

'WO ~ ~ 1" W "
re

4 
I" M

al at. W

Its 0 I22 I.2 an I. m , MA Iwo wm W

Figure 2 Su-ry of data from MHBS pulsao 706 to 712.



412

oscilloscope traces were taken, illustrating the shota 711 and 712 and two distinct shorter lover-

insulator flashes. amplitude pulses.

The table in Fi ure 2 shows the output of the The radiation dLagnostcs show

electronic sensors-khe time in nanoseconds after correspondingly low outputs on pulses 739 and

the trigger and the integral of the pulse or 710. There Are no oscilloscope traces shown for

Ivory trace except the pulse charge. The shots 704 and 707. but they were normal shots with

integrals are in arbitrary uits. since ue did not slightly lower Voltao amplitudes as are the

fold in calibration factors on the sensors. digital outputs. This condition implies a lower

Shots 706 and 707 are normal shots with a time mean voltage, which probably caused the radiation

spread of 1.5 to 2.0 ne between the pulses. The outputs to be 13 percent lover than on shots 711

diode was opened at this point and readjusted. and 712.

Shots 701, 709, and 710 show an insulator flash in

the vicinity of current monitor a. Shots 711 a.Ld Timing and synchronization of modules is

712 are noral shots obtained at a slightly higher important for a pulser such as M&S. We us a

diode impedance. *time-to-dliital" converter to measure the time

between the trigger pulse and the output pulse

flowing in the Line or radiation appearing at the

selow the tabu~ated data are overlays of target. The first two columsm of Table 2 show a

oscilloscope traces from pulses 709 through 712.

There is Little difference between the tabulated Table 2

integrals for Vic, V 1, and V,. At first glance. WoMu-LLZ oa.Us T sWM T.4 -3 712

the oscilloscope traces appear to be froma one olay, tr r to Y

pulse, and the deviation on the integrla About Lael

1/2 percent. The oscilotcope photo for VT shows Oi.OIs. utpuar

three distinct traces having the sam peak -

asoll1tude, but beginning to drop to the baseline no" Tim Zelay 11.2 11.11 141.*

at different times. The wider trace appears sW~r44r5 0atIA, 2 1:0 h.Z 1.31

brighter And In probably an overlay of traces ?11 ,.*K.PX* 17

and 712. The integral* of V. on shots 709 and 710

are Indeed lover t.hcn those on shots 711 and 712. conparison of results for the tine utterval

I. , the current on onA-half the diode shows between th. trigger and output voltage pUlse in

little change both on the oscilloscor.* waveforms the l*ne. Tie deviation between the Aaouremants

and digital outputs, however, 1. show a much o-n the t o detectors is a few ten.hs of

enlarged digital output on shots 709 and 710. The nanoseconds. Thu tim-ang date. on 'olt a and radi-

oscIlloscope traces show one heavy normal trace ation outp4Gt follow. A !uctnir check on our

which Is an overlay of pulses 711 and 712 and two timing methods to -asure the difference in

lighter traces diverging to higher amplitudes time badten mnitora fixed in the tine with no

about 2S ind 35 nanoseconds into the pulse. Io, Intervening switches. The standard eviLtin M)

the current :onitor on the diode past the d1ode between pulse arrival time at V, ad V:' on these

insulator, showu a drop in the int ral of the seven ;ralse was 0. 122 ns. Our quantizing error

current on rulses 709 and 710 from readings on was : 0.1 ns. These checks are 3trlngent test3,

Pulses 711 and 712, indicating a loss prior to the since signals actally come ftom detectors on the

anode-cat.ode gap. The Ic waveform show a pulser and are passed through tle entire signal

bright, high-amplitude trace representing normal handling system.
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A 33-GVA 14TERUJflX TEST FACILITY*

V. M. Parsons, E. .4. Hlonig, and R. V. ltarren+

Los Alamos Scientific Laboratory

ABSTRACT

The use of comercial ac circuit breakers sociated recovery voltages of 20 kV to 25 kV.
for dc switching operations requires that they be Preliminary designs for larger devices -"c' as

e valuated to deteruine their dc limitations. Tw ET? indicar- %!-at a trend towards higher Currents
2.4-GVA facilities have been constructed and used may be economical if low-cost switching system
for this purpose at LASL during the last several exs that can satisfy the interruption require-
years. In response to the increased demands on ments. Tor this reason a facility has been con-
switching technology, a 33-GVA facility has bee structed at LASL which is capable of evaluating
constructed. Novel features incorporated into circuit breakers for application in the next
this facility include (1) separate capacitive and generation of fusion experiments.
cryogenic inductive energy storage systsae, (2)

fiber-.optic controls and optically-coupled data PKESI3IT TEST FACILITIES
links, and (3) digital data acquisition systems. In addition to the facility discussed in
Facility decails and planned tests on an this paper, two smaller facilities are presently
experimental rod-array vacu= intertupter are used for Intertupter testing.3 These facilities

presented. are essentially identical and are rated at

2.4 GVA each. They can be connected in parallel
INRO7DUCTION for high-current tests, or operated independently

Since 1975 the Los Alamos Scientific for tests up co 40 kA. T&he new 33-4VA facility
Laboratory (LASL) has been conducting experiments will be capable of tests as high as 280 kA. A
with commerical sc circuit breakers to detiruint umr Ctefclte aig sgvni

their direct-current ratings for potential Table I.
application in various fusion devices.1'2

Particular attention has been paid to the vacuum

Lnertupter due :o its low cost, mechanical TABLE 1.

simplicity. and its ruggedness. Because of chese SL2OHAR OF FACLITUS RATINGS

advantages, fusion experiments such as Alcator, FACILITY

TYTR, 4nd Doublet III utilize vacuum intertupters A 3 C

in their switching systm. Interrupters used in Peak power 2.4 2.4 33.6
Stored energy (U.) 450 450 2250

both TFTR and Doublet III require current Rated current (kA) 40 40 280

inerpinin the 25 kA to 30 UA range with as flax. recovery voltage (kV) 60 60 120
inerpinCompletion date 1975 1977 1979

-Industrial Staff Member for 'Westinghouse
Research Laboratory
"Work performed under the auspices of the U.S.
Department of Energy
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FACILITY DETAILS__

Enerty Storage Systems. The facility Is

unique in that it has two independent primary '
2

I~.~~r

energy storage sytems. The first Is a capacitive

system, the second Is a cryogenic inductor sys-

tem. 
J

The capacitive system consists of seven

nodules, each containing 270 UJ of 20 kV caps-

citors, a four-segment 60-kA inductor, two inde-

pendant shorting systems, fuses, and associated

hardware. A schematic and photograph of a

storage nodule are shown in Figs. I ad 2.

Currant is initiated in inductor L, and the E 1 ==
load by discharging capacitor C through ignitron

IgI. At peak currents self-firing ignitrons 1g.,

and 193 crowbar the capacitor thereby preventing

uscillation. The current trapped in the inductor

nov serves as the load current for the switch

under test.

Figure 3 is a schematic showing a typical

test circuit which uses these storage modules. Fig. 2. Capacitive storage module photograph.

The load current supplied by inductors L circu-

lates through the test breaker, TO and its sa- 1 L$
turable reactor, LSR. The breaker is then a
opened. A counterpulse, from capacitors C2 brings

the current In the breaker to zero where it in-

terrupts. The residual energy in L is transfer- "
red to C2 1 generating a recovery voltage across 

S C

the test breaker. Figure A is a photograph of B
:he seven storage nodules during construction.

I TO? UREAKER I TO6
TH~xSTORAGE UNDER COUNTERPULSE

MODULES TEST MODULES

SI RI LFig. 3. Typical tes t ci rcuit which uses storage

TO TO nodules.

let The second energy storage system consists of

dix cryogenic inductors, which operate in a li-

C. quid N2 bath at 80 K. These are charged exter-

nally by a 40-kA 12-V power supply. A test cir-

cuit which uses this scheme is shown in Fig. S.
This test circuit is specifically designed

R, 100A. 300 W C*75pFB92OkV 10UNITS
R eI311.SOkI L-35-200pH to simulate the higher 12t duty seen by an Inter-

rupter in the poloidal field coil system of a
Fig. 1. Capacitive storage nodule schematic. fusion device. In this circuit, current in

cryo-inductor L and test breaker BTis ramped up
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TO

As -23S 201 4 5

Fix. 6. Counterpulse module. schematic.

Fig. A. Capective storage modules during con-
a truction.

r DEOWAR 32

L

4OkAQ

113 .1

L a CRYO -INDUCTOR C. COUNTERPULSE
CAPACITOR

Fig. 5. Test circuit with cryogenic inductors.

by the dc power supply. At full current the
power supply Is turned off and switch S1 closed.

The test braker opens. current is commutated.

and the residual energy in L is transferred to C

as In the previous scheme using capacitive Fig. 7. Counterpulse module photograph.

storage. The total energy in this sytes is small

compared to the capacitive system and will only These six modules can be connected in a

be used for specialized tests. series, a series-p~arallel, or a parallel arrange-

Counterpulse System. The counterpulse aye- nent depending on the capacitance and recovery

:am used with either storage system consists of voltage requirements for a panticular set of

six modules. each containing 300 .aF of 20-kV cap- tests. S, represents a OPST charging switch with

acitors. Each module has an independent shorting 150-ky isolation between all contacts. This

swetem and start ignitron. A schematic and switch allows the counterpulse bank to be

photograph are shown in Figs. 6 and 7. operated as a Yarx generator where the modules

are charged in parallel with a 20-ky power supply
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and then discharxed in series At voltages up to All fast commands for triggering Ignitrons

120 kV. Also, provisions have boten made on each and brmsker actuators originate at the control

counterpulse modules for the connection of up to main station from a fifteen-channel digital delay

300 liT of additional capacitance. This will be generator. These triggers are lmme&lately con-

necessary in certain exeriments, such as early verted to optical pulses and tranmitted via

counterpulsing, which require an unusually large .1iber-optic cables to high-voltage pulsera or

counterpulse bank. The six counterpas modules Actuator. driverx located within the test

are pictured in fig. a. facility. lover supply charging voltages and

currents are converted to Tfl signals in the test

Control System. The control system for the facility and then transmitted optically to the

33-GVA facility is a hybrid electrical-optical- main control station. Here they are demoduliated

pneumatic system with emphasis on the optical and used to operate meters. This Intense use of

segment. Slow' commands, such as shorting optical signals in high amf areas is of great

switches, isolation switches, and power supply benefit in the avoidance of ground loops and in

signals, are transmitted electrically from the the protection of personnel and sentitivq control

main control station to a midstation located just equipment.

inside the facility doors. Hlere they are con- Data Acquisition. Voltage and current

verted to optical signals vhich branch out to the vaveforus are measured by voltage dividers and

various nodules. At the modules these optical noninductive shunts in the test facility and con-

signals then operate electrical and pneumatic verted to analog light signals. The analog light

devices. signals are transmitted on fiber-optic cables to

the main control area where they are converted

back to analog electrical signals. These signals

are fed into digital oscilloscopes where they can

be viewed. A small comuter is also connected to

the oscilloscopes and is capable of performing

routine data analysis as ;all as storing

waveforus on magnetic tape.

UPCOMIING TESTS ON AN( EXPERIMEN'TAL ROD-ARRAY

VACUUM INTERRUPTER

The first breaker testing in the 33-GVA

facility is planned for September, 1979. The in-

tertupter to be tested is an experimental inter-

tupter made by the General Electric Company. The

device is referred to as a rod-array vacuum~ In-

tertupter due to a novel internal geometry and

shown promise of interrupting unusually large

currents because of its ability to maintain a
diffuse arc."4

Figure 9 is a general schematic of the cir-

cuit to be used in testing this intertupter.

This circuit differs from the standard circuit of

Fig. S. Counterpulse modules under construction. Fig. 3 in that each module now ccarains a satur-

able reactor and a vacuum intertuprer in its

primary discharge leg. After the test breaker,



* CONCLUSIONS

LoI A 33-CVA LnCertupter test facility has beenu
constracted vhich La capable of testing inter-

IL s IA cupters for the next jeneratilo5 of *xperimencal

T producing currents of 280 kA vith associated

recovery voltages of 120 kY. Teats are planned
n an experieantal G.E. Intertupcer.

I TO 7 3, * ISOLATION UIRAKE AMMICESSTOIACC I T * TEST BREAKCR £ .X3 Z
MOD ES Ct, a COUNTERPLSE IANK 1. C. E. Svannack. X. A. Haar-an, J. D. C.

LiniJay, and D. .. Aeldon, "HVDC Interrupter

fig. 9. Tea circuit or expeimental C.E. in- xperiments for 1A14 hagnecic Energy

terrupter. T.-ansfer and Storage (HITS) Syscems.

Proc. 6th Sy)p. tag. ?roblms of Fusion Ras.,
35, hav interrupted the load current, the energy Sen Diego, CA, Nov. 18-21, 1975; IEEE

In the load coil and saturable reactor, LSRI, is Pub. No, 75CH 1097-5 PS, 662. (1976).

transferred to the counterpulse capacitor, C2. 2. R. Warren. H. Parsons, E. Honig. and

Ac the inscant of complete transfer, vhich is a J. Lindsay, "Tests of Vacuum Interrupters for

currenc :ero for 31 and LS 1 , A, Interrupts, the Tokmak Fusion Test Reactor," Informal
T'his prevents further oscillation of LSRu and C., report LA-7759-MS. April 1979.

thereby holdLng the recovery voltage oa C2 and 3. E. H. Honig, "Dual 30-kA, HVDC Interrupter

DT" A vaveforn for this type of test is shown in Test Facility", Proc. 7th S.vp. En8.

FL;. 10. Problems of Fusion aea.. Knoxville, T.,
The recovery voltage will be maintain on the 35-28 October 1977; IEEE Pub. No. 77CII

tast breaker for 50 to 100 ma. This simulates 1267-4-P5.

intended use in tokamak systems and Insures that A. J. A. Rich and C. P. Coudy, "Diffuse Vacuum

the interrupter has fully recovered Its Arcs." Conf. Records of IEEE 1977 Iternaclon-

dielectric strentth. al Conf. on Plasma Science, Troy, NY. .ay

23-25, 1977; IEEE Pub. 4o. 77CH 1205-4-PPS.

I,V

/
/

/

CURRENT

VOLTAGE

Fig. 10. Waveforms for experimental G.E. inter-
rupcer test.
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10 -. .- .IMALYSIS OF ThE !UJLTUIASE lyDUCTOX-CONV!E" BRIDCEV

Hahrdad Ehsoant Rtoberc L. Kuston, and Raymond E. FuJa

Argonne National Laboratory

Argonne. Illinois 60439

Abstract pulsed reactive loads from the power grid. Thus,

only the average system louses ate drawn from the

Analytical derivations are presented for inductor- grid.

converter bridge (XCI) circuits in which energy Is
transferred from a storage Inductor to a load Operation of the CI3 Circuit
inductor with solid state bridges. These Detailed operation of the ICS may be found in

derivations provide complete analytical circuit references I and 2. Figure I shows a three-phase

solution in contrast to previously available ICS where the storage and the load coil is
numerical (non-analytical) proceiure*. The represented by Ls and LL, respectively. A: a

analysis is based on two parallel methods: (1) typical instant during the energy transfer, dc

Fourier expansion of the inverter vaveforas and currents is and iL will be flowing in the storage
(2) a novel method based on the inherent waveforms and load coils, respectively. The SCR's of the

of the ICB, labeled square functions. Our left hand side (storage side) are fired in the

analytical values of power flow, inductor normal Craetz bridge sequence: SLI SL5, SLI 5L6,

currents, and voltages compare favorably with the SL2 SL6, SL2 SLAP SO SiLA, 5 3 SL51 SL! SLS.
results of a three-phase ICI experiment at Argonne The SCR's of the right-hand side (load side)

National Laboratory. follow the same sequence but may be out of step

with respect to the storage side. The direction

Introduction and the level of power flow is determined by the

The inductor-converter bridge (ICS) is a solid relative timing between the source and the load

state dc-ac-dc converter system for reversible bridge switching sequences such that a load bridge

energy transfer between two inductors. This lead will cause power flow into the load and vice
system is especially suitable for pulsed power versa. The Y-connected capacitors in the middle

supply applications greater than several hundred serve as the intermediate energy store between the

megawatts and durations from a fraction of a storage and load coils and they provide the

second to many seconds. Two such applications are reverse voltages to commutate the inductor

the superconductive equilibrium field coils of the c'rcuits from one 5CR to the next. Thus, no

projected tokamak fusion power reactors and external counterpulac circuit is needed.

superconductive magnets to be used in future

pgrticle accelerators. Only a very small fraction of each coil energy is

extracted in each bridge cycle. Therefore, by

The ICB system is inherently efficient, control- varying the relative timing between the source and

lable in real time and allows isolation of large load switching sequences and/or the frequency of
operation, very fine control over the rate of

*Vork supported by the U.S. Department of Energy. energy transfer can be achieved. The functional

tAlso at the University of Wisconsin. dependence of the power on the relative timing



1.20

(relative phase difference) and the frequency will The tocal tnscantaneous 3verage power delivered

be illustru:ed in the following sections. from the storage coil is a cles the above, or

Circuit AnalvLs 3ased on Fourier Components 2

Figure shows an a-hase IC3. For this analysis, PS( =)I . -23SL I_ (.)n C(sn!) sin nz.
the SCX's have been replace- by ideal switches. n n n w)

This idealization lmplies a lossless system and

operation vLhin the successful comtation The effect of the relative phase, *, and the

bounds. Since each bridge cycle changes the coil bridge switching frequency, u, on the power flow

energLes by a very small amount, the inductor is evident in the above relacionshLp. Note Also

currents are nearly constant in one cycle. that the contribution of higher hacronics is

VievLng such inductor-converter half from the a- attenuated by the-L cera. Figure 6 represents

phase ac lines, one will, set an s-phase square the plot of the instantaneous average power as a

wave current source system, each phase being ._ function of Q with the number of phases, a, asa
radians displaced from the next and the wave the parameter. For a - 3, over 99.5 of the net

amplitude being equal to the instantaneous coil power is delivered by the fundamental frequency,

current, Fig. 3. Since the average power is sking the a - 3 curve in Fig. 6 aloost purely

divided equally between the phases, it may be sLnusoidal.

calculated from a one-phase diagram, Fig. 4.

,he time functions of average coil currents,

The calculated Instantaneous average power from power, and voltages maj now be calculated. For

the left-hand source (storage) to the righc-hand simplicity, let

source (load) is

(- bA A b b k- - ) (Sin sin na.nS& n & -u e AnL n n 2 C

where the a's and b's are the Fourier coefficients

of the storage and load source waveform as Then from

indicated by the subscripts. For illustration, rS(t) d ELc)

the Fourier coeffIcients of the symmetrical 4ps (t), dc d

waveform of Fig. 5 which is for when = is odd will

be used.

(~aCl- j' ~ -0 ln. *n B cos n .,t T ti -L de- L Si. )

Cc k 01 3.C LL -,LL ~ 1

L7 -Co (-,)n sin ccs n (Gc+m)

Solving these equations with the initial

where -s the Angle by uhich the load bridge conditions

leads the storage bride. After substitution, the

average power per phase will simp-lify to is? J.. - 10 initial storage current

S r is-' s s It-

n)j i ;e obtain
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Figure 8 shows how a phase current of the

41 Coo, 10 C sr equivalent three-phase circuit may be decomposed
Into two Sq functions. Thus, the currents IS, and

L of rig. & may be vritcen as

~(iL(t - 47 \LSLL {: :: a 4 S t qC

IL, 1= "-t 1 + )T 11

The Average pover vll becoe

a 1 T, a o ,

cp, (t) - 1/2 K I - s 2in -t where O is the relative lag time of the storage
1L V i bridge.

and the average coil voltages from Thest current representations for one period are

adequate for instantaneous average power

(V - L =t , calculations. The not pover out of storale per

k phase, results from the interaction of Isa an1
S (t) K L sin - t VL., the capacitor voltage due to the load phase

\LSit current:

CvL)( " K 1o Cos t v t 1 f1 i-La d LL [TCr +1 + T. (t13•

Circuit Analysis ased on Square Function This power is

Calculations
The Preceding Fourier method shows the Influence Pe Ct) - (sa v -+ Tr + T

of harmonics in the system. however, for real L

time control, solving the equations of the for* + Sq Cr + T- .)T. (i) + Sq (Y -

'CP•' fn (o) • Tr (C+ )+Sq (r- o.) Tr (:)I

n

for a Lt time consuming and possibly ir-ccurate. A-e initatatout wVcage paver per phase is
The following technique vill provide closed form

equa:tions that are efficiently solved by a P "e dt - Y S q (r + --

microcomputer in real time control. 0 J

Tr(r + ) 4 Sq ( + - )• T: C0) +

The calculations are based on specially tailored

functions symbolized by Sq (X) and Tr (X). Fig. 7. Sq - o T(+ + Sq (r-ro)
These waveforms are inherent in the operation of Tr ()] dr.

the ICB circuits. The Sq function is a good The four terms in the integrand are first

mathema ical representation of the ac phase transformed to the normali:ed variable functions

currents of :he system. The Tr function is the shov In the Appendix, then each term is evaluated

integral fo- of Sq and is a good representation by using the proper integral idc tty in the

of the capacitor voltages due to the phase Appendix. The result is then multiplied by three

currents. A brief mathematical development of the for the total three-phase power

Sq and Tr functions is presented in the Appendix.
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ZSIL 4IVL' (c) - 224.4 cos 0.5609 z V
S o - ) o 0 Y ' 'P3 ' Cc) - 11218 sin 1.1218 t V

S 'L : 1 1 1 A plot of chese equations appears in Fig. 9.
"Pe i CS 0 Y - 6o tt

I21 Fiure 10 shov the average coil voltages and

s ( - + I I I currents obtained experimentally. Good agreementC (Yo" YO )  
I Y 1 T ~rns4pr~tly

exiss betveen the analytical and the experiintal

results. Nots, hovever, Chat the experimental
her Yo* " - i th no-l~zd Is ti ot initial storage current Is somewhat higher than

the StOrsj* bridge relative to th load bridge and the final load current. This is due to the losses
the frequency is represented by the period T. In the system which is neglected in this analysis,

This is the closed form of the l vs a curve for but may be incorporated in the differential

- 3 in Fig. 6. The time functions of the equations leading to the average time functions.

average coil currents, po 'er and voltages may be

calculated as before. The only difference being Conclusions

that X (Yo) is in closed form. The behavior of the sultiphase inductor-converter

bridges hae been studied by two analytical
Expressing the actual circuit waveforms techniques. The conventional Fourier technique

analytically, allows other useful calculations products the average circuit power, currents, and

such as the actual capacitor voltages throughout voltages as a function of time. It also shove the

the cran:f4er cycle, the study of comutation effect of the existing harmonics in the circuit

throughout the cycle, and the actual coil voltages behavior. The square function technique is
and Instantaneous currents, without resorting to particularly dt- aud for the ICS and other SCR

nuarical procedures. circuits in .ch reccangular waveforms appear.

The identities defined on the special functions

Coaoarison with Test Results Sq (X) and Tr (X) operate directly on the circuit

A =odel three-phase ICD has bean built and tested waveforms. Thus, such more informaclon about

at Argonne Natiotaal Laboratory. This system uses instantaneous behavior of the circuit is available

wo iden:ical superconducting coils capable of for analysis, system design, ani the developmnt

storing 125 U at 250 A, at the storage and load of real time control algorithms. Preliminary

Inductors. Other system parameters are: tests with open loop microcomputer control have

been conducted with satisfactory rasults. The
LS - L I, Io . 100 A development of an optimAl closed loop control

algorithm is currently in progress.
C- !0" 'F, n " 90 °

Appendix
- 4084 :ad/s The Sq function is defined as the sum of uuit step

functions as follows,
The system equations are derived from substitution

of these paraeters and n - 3 into the t!me Sq (v+Yo )  u (Y) -2 u N 2

functions shown in the Fourier analysis section:

u(- 1 +Y o ) - u (Yo - 1)
0iS> () - 100 cos 0.5609 t A

'1L. (C) - 100 sin 0.5609 t A I

-S> (:) - 224.4 sin 0.5609 r V 0 -
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Tht Tr lu-4ticn 1% defined as the integral value f0 .
of1 t, Sq fuctons, TV (t + to) Wo t Sq (o + to) d;:.

o0 S0

Tr (y+yo) ~fS" (4 + Y)dt whr Y Odd YO -To T "

y Sustitution of y aad V -n thq above intgral

u (Y)..o (Y " ,Y

f u~- + Yor vIT4 t-t) 1. sq (t+ 0 9

u(y- I +y)- (y u1) u -1)

Thi following 'nittgral is t~ensively u'sa in - IT[ (Y + yo)) r u () - 2

calcuatir4 the Average lower fou in the trtcuits T

o! intzrat. Tbhrefore, it %11ll be st -ed as %o ( + o -

idntity which % y be 4-iectly v r fiQd, + 2 ( z I + z u (
zy~- ~ TY+2 (- T o ) 

(t - + )
- 2 -, Y I + 1 " Y 1Y 2 + '  2 " (z T u (t -T ) .

For tia best calculations, these furntlons may bo
[Sq (y + y) -2yyA. ud

0 ~~Tr (y~ + v dy y- -
4

1  +, rne

1. R. L. Kustou at ii., "'The Ise of Hultiphast
+ 2", Y1 - ¥2 ' Inductor-Convertar Bridge as Actively

1. Controlled To er Supplies for Toka*.ak Coils,"2 2.Y .•0 <y.' Argonne National LabbrAtorl Report

ANL/Fpr/yt-78 (Apr.il 11, 1977).

The folloving Ideotities will also be of 2. H. A. Peterson at al., "Superconductive
considerable value Iiductor-Converrer- UI.tdt for Pulaa Power

Loads," ?ro*eedInpt of International

Sq (Y - 7O) 0 - Sq fy +(I/Z-'0 )I, Confe.ene on . tnry Storage, Co:rpession and

Switching, Aici-Torino, Italy (November

Tr (y - yo) - - Tr ly +( 1/2-y,) 1, a < f17) I 1975').

3. M. .hsni, K. L. Ku-ox, "Analysis of the
ahich may be verified by direct subasc.tution. Hultiphase Inductor onverter Bridge,"

Note that by using three Identities, we ran easily Argonne National Laboratory Report

evaluc:e th above integral for any coubination of A I/FPPT,"-lI4 (August 1978).

leading and lagginI functions. 4. .. Visani, R. L. Kustom, "Square Function

Analysis of the Inductor-Convertor gridge,"

The above Sq and Tr functions have been defined ArgonnT H -tlonal Laboratory Report

f r x period equal to 1. For periods other thAn AhL/FPP/Th-I18 (Harch 1979).

1, the argument ahould be multiplied by the 5. N. Mohan, H. A. Peterson, "Superconductive

appropriate constant: Inductor Storage and Converters for Pulsed

Power Loads," Proceedings of the

t 0 T International Pulsed Power Conference,

Sq (t +T,0 to Sq (y + , 0 2 Lubbock, TX (November 1976).

Lo1 Y- 1, 0_< o0<

02
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KAM N%

I.PIIII 1i .i

fi;. L. C rcuir Diagram for the 3-
C pcicor !.odel IC Br-idge.

Figl. 7. (a) Sq (Y + y 0),

.1(b) Tr (y - y)

- -.,. . *4- " I' llll 
I

% Fig. 6. lolt of 4p) vs

F-i. 2. Clrcuit Diagram for an
=-phase XCB. ------

4ie Jl 3I Fig. 8.

,,1 (a) Phase Current Ina:/IT - I" '"-- E m J ',Three-phase 1 C3

_____ , (b) Deconposition of

TTTTT -- -c!I Functions.

Lll ismlii Its

C, ~c'! Co. TI- MI noToS

FL;. 3. Equivalent Diagram of
an n-phase IC3. *". .te..,

"0 La *r n'r " .. er.1e Coil Currents,
'oa 'es, and Po'ver

Fi. A. Qne Phase Equivaleat I/ "
%-cui: of an m-phase IC.

* I lI

aC IA

lI 0 il

D -0 7 iFig. 10.

- ; " -) "'-f. ,,,,, Experi=ental Average Coil
--------- ;Z Voltage and Current Traces.

Fig. S. Single Phase Current
Source ,aveiorm for
an =-phase ICB Circuit.
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DISTRIBUTF PAY.LMTER MCDL OfHIE MSTLE PUISER

T. H. IF.M.ULN, R. L. HUTCHINSR . FISHER +

BIM Corporation, Albuquerque

Abstract Simple lumped parameter oodels were devel-
A distributed parameter circuit analog oped to determine the design parameters for the

model was developed to evaluate design improve- pulsers. However, after the first pulser module

ments for the TRESTLE pulser. The approach fcr was built and teated, test results indicated

specifying the model network and estimating that improved pulser response was dcsired (FMgwe

model parameters is given. Model results are 2). The most obvious d4ffercnce is the increase

shown to compare favorably to available measure- in nessurcd risetime over the predicted (25 nice

ments. The model's flexibility and economy vs. 8 nsec). Additional anomalies included the

allowed ready evaluation of potential modifica- measured notch at 225 niec. and a prepulse of

tions. approximately 30 percent of charge voltage.

Before any major modifications were made to
Introduction the pulser i order to improve itv performance,

A desired output of L'P simulators is to a more detailed model of the pulser gas devel-

produce working volume fields that approximate oped. In particular, this model was required to

the waveform given by have the capability to account for both the

6 t 6 extended geometry of the pulser, and the stray

E = 5.25 x 104(e 'XlO t-e"4 76xlO t) V/m capacitance and inductance of the peakers and
Marx generators.

Applying this criteria to the TRESTLE simulator

implies that the output voltage of the TRESTLE Approach

pulsers should be on the order of 5NY with a The model was restricted to account for TEM

risetime of approximately 10 nsec. The config- mode propagation only. With this restriction, a

uration is shown in Figure 1. This arrangement distributed network analog model was attractive

of Marx generators and peaking circuits has a for many reasons. First, the solutions could be

smoath transition into the TRESTLE antenna obtained in the time domain alleviating the

system and was required to support TEM fields up problem associated with the non-linear behavior

to 100 MHz. This bandwidth requirement intro- of the switches. Second, distributed network

duced uncertainty into the pulser design since analog models are compatible with measured

the pulser is electricall7 large at 100 iz. parameter estimation. The most serious defici-
ency associated with these models is that it is

*This work supported by the Air Force Weapons difficult to account for the effects of radia-
Laboratory under subcontract to McDonnell-
Douglas Astronautics Company, Contract F29601- tion resistance and diffraction.
73-C-0090 The peaker arms and Marx generators were

+Hr. Fisher is currently with Electrolagnetics modeled by dividing the length of the pulser

Applications, Inc. into 16 segments. The segment unit cell is
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i uws ted In Fuc 3. Note that both the time doeuin aad the predicted ot put Waveform

ffects of Internal ar.4 cxtevr.4 phenomena Are was coupsted to the mcssurtd output 1 rituc 6

modeled. and Figure I;. It i' evideat that the response:

The output 5tvitch 3zd the load t-f the obtiined from the model ¢alculanious ae in good

pulser were modeled separately. A model of a agreement witb the ,Seasured responses epxcel.

camoon: swvitch is shown in Ftuarz 4. This near the peak vAlu ot the Wavefo1o. Thie flat--

model includes the effects tf the transit tLe ting ,f the measured response wavforw in thia

aloeX the switch, the stray gapAcitAnce of the region gas tttribu.ed to diffracton effec s

wvitch corona ring, the strsy capacitance of the which are not inctt'4ed In the network analog

sitch Sap, the tatticl io~l.ctance o the moAel.

switch and a baL: impedance. T-h back .1 iedance Next Vic sen.itvitV of the model was inves-

included the effects of 00. output *wiLh probe t Zated by varying the Ompoar.ent parameters over

and the radiation .. itance of Oe V-tr. their -snge of ncertainty. Snce the output

The integrated pulser w-4.eL was fqrmed by was tot sensitive to .oa&U. parameter -variations,

combining the prescrLV.,ed number of unit cell* ue concluded precise paramter estimates were

and attaching both the switch moeL and lood not requtired (reference 2).

element. This is illustrated in Figure S for Finally various pulser modific4!-ons were

the casa of an ie,?I ed switch and a lumped evaluated (reference 2) ith the aid of the

load imptedancps. L-del. It wax found feartible to eliminate the

vavcforn notch by increasing peaker capacitance.

,4odel Parameter Estimation For other features, it was found that the pulser

Since the netuork analog modil of the desigr was near optiam given high voltage and

pulser is not based on a s'!lf-onsistent solu- geometry constraints.

tion of ,xrell's equation, the model parameters

ucre estimated from experimental results, nu- Conclusions

merical analyses and simple analytical formulas. The modeling approach used for TRESTLE

The methods for estimating all of the model appears to be useful for other electrically

parameters are summarized in Table 1. In parti- large high voltage systems. A combination of

cular the values of the components representing simple experiments and analyses can yield ade-

internal parameters were obtained from the quate data for distributed parameter equivalent

results of experiments and were supplied by the circuits. With existing circuit analysis codes

pulser manufacturer (reference 1). The values such as SEPTRE or NET-2, model changes are

of the components representing the external simple and computer run times are modest (1-3

parameters (stray and mutual capacitance and minutes per run on a CDC 6600 for the TRESTLE

inductancej of the peakerilarx configuration study).

were calculated using a 3-dimensional static

.nethod of moments code. The details of these References

calculations are contained in reference 2. 1. "TRESTLE Pulser Subsystem Design Analysis
Final Report," Raport No. ..RL-228, Maxwell

Reference 3 provides criteria for modeling Laboratories, Inc., January 1973.

radiation resistance.
2. "TRESTLE Pulser Analysis Final Report."

Report No. BD.4/A-27-75-"R. B, Corp., .4arch
Results 1975.

The response of the network analog of the

TRESTLE pulser was calculated using the ET-2 3. ".Matching a Particular Pulser to a Parallel
Plate Simulator," Tetra Tech Inc., Final

network analysis code. About 400 elements were Report for Contract F29601-74-C-00115 for

needed. The calculations were performed in the the Air Force, August 1974.
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18.6

COMPTON SCATTERING OF PHOTONS FROM ELECTRONS IN
MAVEETICALLY INSULATED TRANSMISSION LINES*

K. L. Brower and J. P. VanDevender

Sandia Laboratories, Albuquerque, ,ew Mexico 67185

Abstract for tvo different assumed canonical momentum
distributions are calculated to illustrate the

Self-magnetically insulated transmission lines are diagnostic. Each step illI be examined in turn.
used for power transport between the vacuum insula-
tor and the diode in high current particle acctl- Electromagnetic Field Calculations
eracors. Since the efficiency of the power tranu-
port depends on the details of the initial line The triplate transmission lint which is being
geometry, i.e., the injector, the dependence of incorporated into EBFA is represented by an tquiv3-
the electron canonical momentum distribution on lent coaxial transmission line with r_ - 0.07 m
the injector geometry should reveal the loss macha- and ra - 0.08 m. This coax and the basic features
nism. We propose to study that dependence experi- in the Compton scatteringexptriment are shownsIT
mentally through a Compton scattering diagnostic. Fig. 1. From simulations- of this coaxial line,
The spectrum of scattered light reveals the elcs- the power flow is represented by a boundary current,
tron velocity distribution perpendicular to the 13, of 243 kA and a total current, L, of '450 kA at
direction of flow. The design of the diagnostic Vo f 2.4 MV. The currant IE - IT-13 - 207 kA is
is in progress. Our preliminary analysis is carried by electrons in the vacuum gap between con-
based on the conservation of energy and canoni- ductors. The f and I fields for this particular
cal momentum for a single electron in the F and case have been calculated previously by Bergeron
T fields determined from 2-D calculations. For and Poukey wilh a 2-D electromagnetic particle &i=-
the MiteI accelerator with power flow along Z, ulation code. The agresment between the experi-
the normalized canonical soentu,, is in the ment and the code results for V, L ;, and I are
range - 0.7 < A ( 0. For !1 ?, and II T, excellent. We have also calculated the E and S
our analysis indicates that the scattere photons fields for these initial conditions from para-
have 1.1 AV < hY a < 5.6 tV for ruby laser scatter- potential theory. We noticed that under these con-
ing and can be detected with PH tubes. ditions of power flow the value of C1 as3 calculated

by Eqs. (29) and (36) in Creedon's paper were in-
Introduction consistent. This theory requires self-consistency

which we achieved by optimizing N0 so that V, -
Self-uagnetically insulated transmission lines are a0c-( 0 -1)14 is 2.4505 MV instead of 2.4 W,. This
being developed for pover transport in the particle
bean fusion accelerator ENFA at Sandia. The
efficiency of power and energy transport is sensi-
tive to variations in line geomefry which occur at
the input and output convolutes. In this paper vs
consider how the dynamics of electron flow sight be
probed by Compton scattering. The evaluation has
several steps. First, the distributions of the
electric and magnetic fiilds in the EBFA self ma-
neticilly insulated Ile are inferred from simula-
tions and 1-D theory. Then the relationship be- r
tween the energy of a photon scattered from an a DETECTOR
electron with an axial canonical momentum PZ is cal-
culated at various positions in the electron flow, C
for the I and T fields from the 2-D simulations and
for those from the 1-D theory. A comparison of the t
two relationships illustrates the sensitivity of Z $._
the diagnostic to the model for £ and 3. The par- Z
tile trajectories for an assumed distribution of -
canonical momentum P, in the &xial direction are 0

then calculated at agSiven position in the vacuum - F
gap. Finally, the spectrum of scattered photons Fig. 1. Coax with basic features of Conpton scat-

tering experiment. Directions of electron
*This work was supported by the U.S. Dept. of power flow (+Z), incident photons, and
Energy, under Contract DE-ACO4-76-DP00789. detector are all mutually perpendicular.
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value of Vo gives a self-consistant sat of parame- The Photon Znerqy as a FunctIon of Electron Canoni-
tars Vo, LT, I, and Z. for parapocential theory cal Moentum
And is weil within experimental error in the
measurements and the numerical fluctuations in the In ordQr to calculate the frequency of A Compton
computational results. The I and I fields from 2-D scattered photon, the velocity vector of the
calculations and the self-consistent (SC) parapo- scattering electron needs to be known. from the
tential theory are shown In Fig. 2. conservation of Inergy and momentum for a single

electron, '.ndel has shown that

R m)

.070 .072 .074 .076 .078 .030 2 - +(

where

V m radial velocity component,
0(r C1 normalized scalar

potential (- ed/mc' with " - -n),
a(r)M Z-componenc of normalized vector

potential (- eAz(r)/mc vithT*- V.M),
i r Z-component of normalized canonical

momentum (- ePz/uc with

-100 , 72-MYand
(1-Vc. , 1 + 0(r) (by energy
conservation).

In Eq. (1) a new parameter,u, is intsoduced which
is the norsalized canonical momentum. For steady-
state electron flow In a transmission Line in which
a/az 0 0, U is a constant of the electron notion.
If the electron originates from the cathode where
0- Vz - o-0. then U - 0. Consequently, it is
often assumed that M - 0 for all electrons In the

-- 20 CALCULATION flow. However, self-msagnetically insulated trans-
emission lines have a transition section bqtween

PARAPOTENTIAL the weakly, electrically stressed vacuum insulator
and the highly stressed line. In the transition

section, 0/3Z 0 0 and M is not a constant of motion.
Consequently, electrons with u 0 0 can be injected
into the uniform line, and produce a distribution

F() with a finite width &P, for the electron flow.
It is thought that the detail structure in F(j) de-
termines the power transpgrt in long, self magnet-
ically insulated lines, 0 '' and the stability of the

(a) electron flow may be understood by studying F(P)
under various conditions. Stable orbits corres-

R (m ponding to solutions of Eq. (1) for which Vr > 0
In the gap can be found for various values of u.

.070 .072 .074 .076 .078 .080 In Fig. 3 we have plotted the radial position of
:he lower and upper turning points for stable

".6 orbits as a function of u. These results show that
the orbits are very similar for scalar and vector

.7 potentials based on parapotential and 2-0 calcula-
tions. Ve also see that fo5  - 0, the orbits are
contained within the sheath and return to the

-.9 cathode surface. Orbits withmU* 0 have upper
2D THEORY turning points beyond the sheath" and tend to re-

-1.0 main isolated from the cathode surface. The mini-
1SC PAR O mum p corresponds to those orbits whose upper turn-

-1.1 ing point just grates the anode.

"1.2 According to Compron scattering theory for the
geometry shown in Fig. 1, the energy of the scat-

1.3 tered phot ns, hvS, is related to V (rl, U) by the

(b) 
expression

Fig. :. Plot of i and'! fields extrapolate4 from h *s  h, (2)
data points of Bergeron and Fgukey- and I-V (r ,J)Ic
according to SC parapotentiall theory.
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Calculated Spectra for an Assumed F(M).

SC PARAPOTrNTIAL The number of scattered photons vith energy be-
* . - PARAP L vteen E, £ + dE is given by the oxpreusion

20* ? CALCULAT0,4 -N UL r ILI- dO a n (3)
.4 L

where
-.6 LOWER TURNING POINTS U. energy of incident laser pulse,

.7 UPPER RNIG POINTS L m interaction length of be&= and elec-
tron plasma visible ts the detector.

".3 - iD(rl),l number of electronsl " at r, from

.070 .072 .074 .076 .078 .00 nef. 2.

R W F(1) to fraction of electrons vth normalized
canonical momentum ps,

Fig. 3. ?lot of p vs. the position of lover and C(r1 -) anonical momentum A some

upper turning points. The dotted line position in the gap, r1 , as a !unction
was calculated by parapotential theory of scattered photon energies (see
using same Is, IT, and Vo as vas used do Fig. 4), and
for 2-D calculation. ah x Compton gifferencial scattering cross

wherfi r, is the radial position of 
the incident

laser beam in the Sap. Scattered photon energies as In using Eq. (3) to.calculate the scattered spectra,
a function of p3 are plotted in Fig. 4 for various we assume the laser energy is I joule, the collector
values of r, with hy, - 1.786 eV from a ruby laser, system subtends one sterradian of soliL angle. and
The values of V .(r I,) needed in Eq. (2) were deter- the electron number density is 10lb a

"i. For a
mined from Eq. il) using potentials from 2-0 calcula- uniform canonical momentum distribution, d./dE ver-
tions with p - .-- < P  pf/ u. These results in- au:,E (-hy ) is plotted in Fig. 5 for several posi-
dicate that or this i u detection is tions of tee probing laser beam. The total number
required. of scattered photons is also noted as N in these

6. plots. We also asqumed a Caussian disthibution,
.0725 2D CALCULATION exp(-o.5(P-P )/w)i, with , - 0 and W - 0.1; the

.0735CL A results of te calculation using this distribution
Is plotted in Fig. 6.

5 .
.6 a

16- SC PARAPOTENTIAL RED ,SLUE rA
SHIFT 'SHIFT R.. 0705 n

% 7 4. L

.5 R1 .0715
%I.AX 10

.06 3.0

X785

.0795 02.

-- R1 = .0735 n

R1 =0745 n
SN' ' .4 X 104

-.8 -.7 -.6 -.5 -.4 -.3 -.2 -.1 0 =.05
'A 1 ~.75 M

N 6.9X 103

Fig. 4. Plot of scattered photon energies vs.31 101
for various positions for the fields from 0 1 2 3 5 S
the 2-D computations and, of the laser
probe beam. The dotted line has hy (P) hV leV)
from the fields from the self-consistent
parapotential calculation at r1  0.0725 m Fig. 5. Plot of dN/dE vs. has for uniform dis-
for comparison, tribution in P.
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The electrons produce a bremsstrahlung x-ray pulse
that will produce a signal on the detector. The
scattered light can be optically delayed until the
detector recovers from the x-ray pulse so the x-ray
background can be tolerated.

07i The limiting factor to the Compton scattering

RIm.O;05 :diagnostic to measure F(CU) appears to be the back-
S Xt.ox10S griund light from the plasma on the cathode. A

significant amount of light can be expected, but
REl .0715 M no measuremnts have been nde of its intensity or
Np ).0X 105 spectral distribution. The ratio of scattered

light to plasma light improves as the bandwidth
iv of the scattered li|gt decrtasee. If the

to Z5 Vi~th &LU of 7(Mu) is -_10 , as recent calculations'
SR I m.0735 M have indicated, the scattered light has a wave-

N , 6.0X10 4  length spread of only 3 A', which would give a
pvery favorable ratio of scattered light to plasma

light.

Conclusion

R .0745 M The Compton scattering diagnostic is capable in

N 5 1 3 principle of resolving the canonical momentum dis-
tribution F(0) in self-magnetically insulated elec-
tron flow. The limiting factor is the ratio of
background plasma light from the cathode plasaa and
the scattered light. which is strongly dependent on
the width of F(0) itself.

59|  . References

ia , Vt 1. J. ?. VanDevender, J. Appl. Ihys. SO, No. 6
(1979).

Fig. 6. Plot of dH/dE vs. h' for Gaussian dis- 2. K. D. Bergeron and J. V. Poukey, Appl. Phys.
trLbution in p centered about Uo - 0 with Lect. 32, 8 (1975).
toi - 0.1.

3. J. M. Creedon, J. AppI. Phys. 46, 2946 (1975).

Discussion A. C. W. Mendel, J. Appl. Phys. SO, Nlo. 7 (1979).

In the proposed experiment to measure F(ju) in an S. J. 0. Jackson, Classical Electrodvnamics
£BfA-l self-agnetically insulated transmission ('Jiley, MY. 1975), p.574.
line, t 'e total number of collected photons will be
N,_- 10. 'The photons will be in the visible 6. J. P. Vanfevender, Proc. 2nd int'l. Conf. on
r:gion of the spectrum and they will be spectrally Pulsed Power, Lubbock, TX (1979).
resolved with a srating and recorded with a photo-
multiplier and oscilloscope combination for each 7. E. L. Neau and J. P. Vanfevender, tsae As
data channel. Assume that the spectrometer has a Ref. 6.
transmission efficiency fs " 0.2, the photoultiplier
has a qunacum efficiency " - 0.03 and a gain 3. G. Ward and R. E. Pechacek. Fhys. Fluids 15.
G - 10. If the data is recorded in a at - 10 ns 2-02 (1972).
pulse into - 5 data channels, then the average
signal into 4 50 ohm oscilloscope will be

V . 50s m 0.6 volts

which is easily recordable.

The functional relationship between hi. andou
features a reasonably strong corresponlence of
"(h ) to F7Y) for the proposed experiment and
the !ncerpretation of the data is reasonably
.nsensitive to the assured model for the electro-
magnetic field distribution in the electron !low.
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Abstract was used to simulate a high Impedance system to:

"hen breakdown of a prassuri:ed spark gap is the Investigation cI these oramentioned tlctro-
initiated by a high power laser. a narrow spark magnetic effects. The gap region was formed by an
channel is quickly established. In this case, cte itruto ntecne odco facntn
risecime of the current in tw external circuit itruto ntecne odco facntn

* due to the breakdown of the gap is determined In a impedance (50 ohm) coaxial line which is termin~ated
large measure by the properties of this spark chan- i ace od hn ie r lcdars
nel. To study the inductive and electrowagneticInamthdld.Tiwrea:pacdcos
effects associated with the channel dimensions and the Sap to aPimulata the conduction paths.
the resulting physical discontinuitis, experiments
have been conducted using spark gape where the dis- The simulation arrangement may be thought of
charge channel is simulated by a very thin wire. as a etc of three cascaded transmission lines
Current risetime measurements for various wire

*si--ts Ui.e., spark channel radius). wire pos±:ion (shown in center of Fig. 2) with the gap section.
(i.e., on or off axis), and number of wires (I.e., in this case, having a very nigh characteristic
multichanneling) have been carried out. The rise- Imeac.Baueothsanfrteproe
time values thus obtained agree quite well with the ipeac. ecueothsanfrtepros
laser-triggered, single and mu~ltichannel, spark gap of calculating risetines, the system may be modeledi
results. These results can be qualitatively ex-
plained using simple inductive circuits which dra- by the Inductive circuit shown at the bottom of
matically underline the inductive character of the Fig. 2. In this circuit. the inductance Is given
breakdown. The significance of these results inI
revealing the mechanism of spark gap hreakdown will by -:L - 6l nba(1
be discussed. c

where a and b are the diameters of chf Ire and
outer conductor of the transmission line respec-

cively; c Is the speed of light in metars per

*As current :isetimes In sparkgap switches second, and L is the Sap distance In meters.
approach nanoseconds, it becomes increasingly Im- Since transmission line techniques do not accoun.
portant to understand the electromagnetic effects for the three dimensionality of the problem, this
that are associated with the geometry of the spark- circuit model is useful for determ-ining the current
Sap and arc channel. This is particularly impor- risetine only to a first approximation. Because of
:ant In the case of high impedance, triggered boundary cor.ditions, the transverse electric field
systems where the effects of the resistive phase of =ust be :p'ro at the discontinuities occurint at the
breakdown are not important. For example, Guenther electrode-channel junctions. Higher order modes
and Bettis I conducted experiments using a 50 ohm~, are created here to satisfy these boundary condi-
laser triggered system where the risetime was de- tions. while Still allowing for the propagation Q!
termined almost exclusively by the inductive phase, the current pulse through the gap ~. If these
In this case, those electromagnetic effects, asso- mndes are evanescent and non-interactive, it is

datced with the dimensions of the electrode and the possible to modify the transmission line and

arc channel, can be investigated by simulating the circuit models by placing capacitors at each dis-

channel with thin wires. continuity 3and at each end of the inductor,
The experim-ental arrangement, shown in Fig. 1, respet.tively. Some of these higher order modes do



propagate, hovever, and in general vil, aking; cidtnt pulse) vorAus gap distance is 4houn In rg.

this modified model u.cepctab for Cho accurate A. The ciseciae of the t:rAns=ittd puls4 dac:1ases

datc iLnation of currant or olta~g ristiema. as gap distance decresesq In both the qxperj4nc1l

Toe~eM Te@o~'tqt,,e case and the case when the :iseL=t is deter ined
1.f. equacLon 3. This is *xplai.ed by the fact

Load the inductance of the channel and, thereforeq, the
associated cie conscant decrease with decreasing

gap distance. One should also note chat vhile thecvrr(W
ShU411 relacive difference betveen the calculated And ex-

penimental cistile remains fairly constant. the
percentage dif.frnce actually increases As the 1ap

distance is decreased from 3.5 c-. 'This may be ex-

plained by the fact that the high order modes,

NO.. EDcreated At each discontinuity, interact more with

t-[osctleleoM each ocher As the spacing decreases, and ,his

interaction cends to have an Lcrss n% eff*cc on

Fit. I Expr.aentsl Arrangement risett-ue. . oce. however, that as gap distance I*

reduced further still, fro% 2 c, the epAcitinct

of the gap plays a greater but opposite role,

__ __causing the percentage difference beceen the cal-

culeted And exporisencally determined risecIes to

-T a decrease (see Fig. -).

Z' Z. z, dosel

L
O .a...41

Fig;. 2Fic. 3

'sIn; aa=pling techniques and the setup i,

Fit. L. we have experiezntally determined the a ... :.,

pe--mcrlcai effects assat.aced wich gap spacing,

number of channels, channel position., and channelA

dLaeter on the rlsectme of An incident voltacge

pulse Fi;. 3). The experimental rlaetties ere S M

Idtormined usint :he relacion:

uhere : i observed risecme (2) .,.C(

z, 
" rlisedime of incident pulse Fig. A

e ,tave ,o=pared Chase results uih .Icedines The Seo=ecrical ef.fec:s associ'aed with

141 .ulate .roz the circuit zodel at :he bottom of jmltichannel discharges were simulated by plasci;

j , : vich :he risetime given by: various number of wires At different positions in

It 2. the gap. Since the characteristic Inrucance of

A graph of the risetlme (afcer being ,:orrec:ed for :he Cap section decreases itch in reasing nubers

chit finite banduidth of the cur:ent shunt and in- of wires. it is expected that the risedtie ihould
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decrea e also. This decroase Is particularly of the channel Is Increased. This decrease Is due

acute between rise cies associated with one And to two reasons. First, less high order =des are

two Vic chanels (see rise, S and 7). Senerated in the gap section when thicker wires

are used, hence shorter risetizes for the experi-

mental case. Secondly. as wire thickness begins
X Elp4tu"fel ole to approach the diameter of the cter conductor

- Frt V from Got 9 of the main line, we no longer have the necessary

I- rtt %7 Frm GOP Coafor condition that the impedance of the gap be much

greater than the impedance of the main line render-

In.g the riseties calculated from the inductor
N% model too large for the very large diameter wires

that We tested.

-- X Esperienomoi Dow1

0 Calculte2 5O 3

V OF WIRES LOIOIAMETER)

As the number of wires increases, th eloc- LO .I

:rom$anetic field distribution *re accurately

arproximatts chat of a larger diameter wire. It

:hen follows that lsrgt numbers of wires placed

at the edge of the Sap have an associated rise-

time that is smaller than the case when the am 0 Al 110
number of wires a placed closer to the axis of CHANNEL THICKNESS (fiJ

the gap since the associated inductance of the Fig. 6

"effective" large diameter channel is maller. The importance )f these effects in high in-

Similarly it follows that the experimental rise- pedance triggered systems, may be further ascer-

time should more closely match the rise time tained by comparing the results obtained In our

calculated from equation 3 since the "effective" simulation with the data obtained by Guenther and

large diameter wire produces less of a discon- 3ectis I uzing the laser trigger system mentioned

cinuity to the transverse tlectromusgnetic fields previously. They studied the risetime of single

of the in,.Adent pulse, than the smaller "effec- and dual channel sparkgsps triggered by one or two

tcve" diaxeter wire. This Is verified by the laser beams focused on the cathode. A rlsetize of

graph in Fig. 5. 2 ns for a single channel and 1.12 ns for dual

Fnslly the effects of channel thickness on channels vere obtained In their experiment. This

rise--e were determined by varying the diameter is a 44 difference between the two cases. Figure

of :he wires used to simulate the channel. Aasin, 7 shows a comparison between photographs of

since the characteristic inductance of the Sap oscilloscope traces when one and two .01 Inch di3-

section associated with the thicker wires is less meter wires are used to simulate the arc channels.

than that associated with thinner wires, it is Ve have a 34: difference between the risetimes c!

expected that risetines should also be less. This the single and dual wire cases. Considering that

is shown in the plot of risetIme versus channel the discontinuities in their experiment are more

diameter in Fig. 6. Note that the difference abrupt, (i.e. the cutoff frequency for the higher

between calculated and experimentally determined order modes in their experiment was 20C 10iz, where-

risetimes tends to become smallet as the thickness as In ours it was 600 A ), the results compared



favorable. Xoreover, note chat the increase £I-

:he riseci-.e for the single channel case is con-

Lstant vith our explanation.

it is a r from t sls tin
8 i- -

a-.' ,,

il. 7

It is apparent iron chese results chat in

nanosecond regias, current riseci", Is strongly

dependent on the geocetry of the spark gap and

arc chanel systta. If minizizatLon of current

risecia Is to be achieved, reduction in the

eectro=gneic disconcinuities must be consider-

ed. One way to accoaplith this is by wulci-

channelling. From our results. chit most desirable

condilton. for thia cast, is the similcaneous

creation of either tw or four channels ac the

outer edges of the spark gap. Considering the

problems of simultaneously producing four channels,

it seems that the percencage reduccion using tvo

channels =ay render this case to be the most

practical.

work supported by AFOSR under Grant O'AfSR-76-3124.
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Abstract

1 Ztudies on the triggering of a high-voltage, gas- development of switches that will allou last

insulated spark gap by an electron beam have been transfer of energy from an energy storage system

conducted. Risecties of approximately Z.5 -s and to the load or transducer. We are currently

subnanosecond jittcr have been obtained for 3 cm engaged in a research progrm designed to improve

gaps wirh gap voltages as loy as 50Z of the self- the physical understanding of switching processes

breakdown voltage (variable to 1 4V). The switan for the subsequent development of an advanced, low

delay (including the diode) was 50 ns. The work- inductance, fast rise time, command fired spark

ina media vere N,, and mixtures of N, and Ar, and gap switch, capable of operating at very high

of H12 and SF6 at pressures of 1-3 act. Open voltages (WV). Encouraging results touard this

shutter photographs show that the discharge is goal have been achieved by laser triggjered

oroad in cros&-section. switching I (LTS), and by e-beam triggered

Voltage, current, and jitter measurements have switching 2,3 (EBTS). This paper discusses an

been =ade for a wide range of gap conditions and investigation into e-beam initiated breakdown

electron-beam parameters. Variations in the which leads to the formation of a vwlume discharge

character of the discharge have been inferred (prcportional to the cross-sectional area of the

using streak and open shutter photography. injected beam), which helos reduce electrode ero-

Correlation between electron bear width, beam sion and switch inductance.

energy, discharge channel width, current riset=e,

delay, and jitter are discussed. The Exeri=ental Arrantemenr

The experiment consists of an energy storage

element, a gas insulated, pressuri:ed spark gap,

Introduction and a source of energetic electrons. (Fig. 1).

The energy storage element and the spark gap are

both contained within the high pressure vessel of

such as fusion, the production of higE, energy- the Ion Physics Corporation FX-15 (Fig 2). The

particle beams, and the simulation of environments energy storage element is a Van de Groaff charged

associated with nuclear weapons detonations, co-axial line. It is capable of producing a 1 4V

• require the generation of very high voltage, high rectangular pulse oi approximately 10 ns FIMM

peak power pulses. One of the principle pre- duration. The spark gap is formed by an inter-

requisites to achieving this objective is the ..ption in the center conductor at :he ine. The

Work supported by AFOSR under rant No. stainless steel electrodes have a Bruce orofile

AFOSR-76-3124 and are 21.5 c= in diameter. The high pressure in-
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stilactin; gas also series as the dielectric for Investigated were: (1) the rlsatine of the trans-

the co-axial line. The electron beam is generated mitred voltage pulse, (2) the switch delay and

by a cold cathode, fleld e-iouion vacuum diode, jitter, And (3) the spatial character of :he

which is located behind the grounded electrode. breakdown. The diagnostics used were open shutter

It Is actually placed inside the Inner conductor and streak photography to record the character of

of the output co-Axisl line, so as to introduce the discharge, and A capacituvc divider probe

:he t-beam axially through a " diameter aperature (CI), located in the FX-lS output transmission

in the center of the electrode. In order to line, to monitor the voltage pulse generated at

maintain a uniform field distribution in the gap breakdown.

and to protct the foil from the discharge. the The parameters that we varied during the course of

aperature was covered with a stainless steel mash our investigation Include: (1) The ap nolaritv
(0.050"). The diode 4 (Fig. 3), designed and built ou netacnicld:()Tegpoary

(depending on how the Van de Graaff was charged,

at Texas Tech University, utilizes a spiral &roved the target slectrode was either positive or nega-

graphite cathode, and a thin foil anode. Graphite tire. cn charged positive the Injected a-beam
was chosen because of Its fast "turn on"* pro- ie Whncagdpstvteijcedeba

s b was accelerated by the initial electric field in
perties , The d~ode was designed to have an

the Zap, and for the target electrode negative the
pddance of 70 :1 to match that of the driving bean gas decelerated), (2) the gao voltage V (V;

Senrator. This generator is a 25 stage modified
6 was varled between 50% and 981 of the self-break-

X.Arx pulse form-ing network (?eds pulser) . It down voltage which ranged from 75 k to O0kV),(3)
combines the voltage multiplicative feature of the ras pressure (1-3 atm=), (A) the type Of tas 2

standard Varx circuit with the pulse shaping mixtures of , and Ar. and nixtures of , and

characteristics of a lumped parameter network. SF 6 ), (5) the a-beau dtameter (1.25 cm and 2.50

The sequence of events in the experiment Is as c), and (6) the a-beam energy (150 keV to 250

follows: The 'arx erects to give an output wave- EeV).

form characteri:ed by a 250 kV trapezoidal pulse

of 50 ns FUT-l duration with a A ns risetime. This Results

pulse propagates down a 70 n, oil-filled, co-axial The pulse rlseti=e gas observed to vary with the

transmission line and appears across the anode- beam energy and ranged from 2.5 to 3 ns. 'he

cathode gap of the diode. The diode saets, through larger value was obtained for a beam energy of 150

! mi. titaminan foil, a 1.5 kA. 200 keV burst keV and V. " 100 W or, 502 The iitter was

i electrons with a .- 50% risetme of 1.5 ns and found to be virtually identical throughout the

a duration of 15 ns. This pulsed beam of elec- range of our Investigation. Fig. 4a is representa-

trons travels through 1.5 cm of the high pressure tlve of all jitter measurements. There are 1S

as before it enters the spark gap. The Insular- separate, superimposed traces of the voltage pulse

Ing 3as is ioni:ed by electron Impact, resulting as monitored by the capacitive probe (C1). and

in the subsequent formation of an Ionized conduc- displayed on a Tektronix 519 oscilloscope. The

:!on path and the collapse of the voltage across scope was triggered with the signal from the 3

the gap. The charged co-axial line of the FX-15 probe (iI) located on the diode tranamission line.

cischarges, and the resulting wave propagates down The sweep speed was 2 ns/div, thus, the resolution

a 50 , ail-filled output transmission line, which is approximately 0.2 ns and the jitter can be seen

Is termiatd nto be no greater than this amount. These tracesLs : r ia ed in a --a chng A M l3  a er resitor.co r s od ob ea ow of a3 2 zg p i .4 t
The outer conductor of the Farx Generator to correspond to breakdown f a 3.2 cm gap in 2 at
dicde transmission line also serves as the inner 3 acm. The gap voltage was V. - 235 kV or 94% 7$B'

The self-breakdown voltage was 250 kV. The tracesconoucter ror :he FX-LS output transmission line.

Zxnerlmental Aooroach in Fig. 4b are further examples of the excellent

The characterlst/cs of :he spark gap breakdown itter zharacteriscics. With all other parameters
Identical to those given above, the beam was
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in~ecced when V* 130 kV or 52: "' Again, :he also observed to be a function of the beam energy.

jitter Yns beloe the capabilities of our resolu- These results indicate that the degree of lonita-

tion. These two experiments vrae conducted for tion in the discharge plasma , hence the resistivity

positive and negative polarities, yielding Identi- varies with the beam energy. The voltage drop

cal results. The delay vns obtained from figure across the gap is, therefore, a function of the

5 (a-), where the i signal from the diode tran4- *-beam eny.

mission line is delAyed to appear after the F%-5 Streak photographs of the discharge are shown in
voltage pulee. The delay time wes measured to bc

Fig. 10. Again. we can observe a difference
5Z ns in pure N,, which is conoistent with pro-

vious studies 3. The figure also demonstrates between the cases of positive and %eaative target
electrodes in the gaP. Preliminary analyats mndi-

that (for these low voltages and 
pressures) the

cats that the early emis~ion of light corresponds

delay was invariant to bo,h the pressure 
and the

to the actual breakdown (the time duration Is thegap voltage (as a function, of the self-brenkdo same as the voltage pulse), and the second emission
voltage). We should also note that these results r.

is the result of the recombination process.were obtained with a DC charged gap; ont would

Further analysis of these observations are presentlye yect the performance to be better for a pulse benma.

charged 
gap.

Conclusions
The character of the gas discharge for e-beam The resualts obtained in this series of experiments
initiated breakdown was determined from open on --bum triggered switching are si==r:ed as
shutter photographs. This is shown in Fig. 6a follows: (1) fast risetime (2.5 a). (2) low
when the target electrode was charged positive

and in TIg 6b for a negative charged electrode, jitter (lss than 0.2 ns for V Z 502 V
(3) volum.e discharge. The characteristics --aks

These two photographs are representative of 
the

e-beau triggered switches highly desirable forspatial charaCtar 'f the discharges observed

throughout the range of our investigation. For many applications.

the same polarity, the light intensity varied as The risetimes of the self-breakdown and the trig-

we changed experimental characteristics. For dif- gered voltage pulses were virtually identical, as

ferent polarities, the cnaracter of the light demonstrated by the superimposed traces shown in

emission are different, Indicating that there is figure 11. This is due to the fact that the pulse

probably a difference in the breakdown processes. risetimes were generator limited rather than spark

Note that for both cases, the breakdown takes the gap limited.

form of a volume discharge. No localized spark The demonstrated low jitter (particularly when

channels were sen. operated at voltages well below the self-breakdown

Fig. 7 demonstrates the variation of the discharge voltage), is one of the most significant contribu-

as a function of the e-beam diameter. Note that tions of this work. Small jitter is crucial to

the volume of the discharge is proportional to the the successful operation of any pulse power system,

cross-sectional area of the injected beam. however, it becomes extremely critical in any
scheme that utilizes the simultaneous discharge of

Fig. 8 depicts the variation in the dimensions 
of

parallel pulse forming lines into a cormon load.
the discharge cross-section as a function 

of the

Prefires can be virtually eliminated, due to the
enery o theinjctedbea. Th liht itenity ability of the switch to function reliability at

is seen to be significantly increased when a more
low voltage levels. The diode and, therefore.

energetic beam is introduced into the gap. To
the switch has a very good single shot reliability.

investigate the significance of this observation, wich as m os sies
which eliminates most misfires.

voltage pulses for varying e-beam energy were

recorded (Fig. 9). The amplitude of the pulse is The EBTS breakdown was observed to take the form

of a volume discharge (proportional to the size of
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the injected bean). This large area breakdown Physics, Novosibirsk. USSR. july, 1979.

offers several advantages over the narrow channel 5. R. K. Parker; "Explosive Electron Emission

breakdown found with most switches (e.g. LTS). and the Characteriatics of High-Current

These Are: (1) The EBTS can be scaled up to very Electron Flow". Technical Report ':o. AM.JL-

large area electrodes and transmission lines while TR-73-92, Jan., 1973.

maintaining a low switch inductance (a particularily 6. J. K. Trolan, F. X. Charbonnier, F. 4.

attractive concept is an annular geometry), whereas Collins, and A. H. Guenther; "A Versatile

other switches cannot duplicate this, unless Ultrafast Pulse Pover System". Exploding

multiple, current-sharinS channels are formed. Wires 111, pp. 361-389, Plenum Press, 1964.

This, however, is not easily accomplished. In LTS, 7. L. L. Hatfield, H. C. HarJes, 4. Kriscisnsen,

for example, multiple channels can be triggered by A. H. Guenther, and K. H. Schonbach; "Low
Igeometrical beam spliting , bur this method has Jitter Laser Triggered Spark Gap Using Fiber

optical alignment and maintenance problems Optics". 2nd IEEE Inc. Pulsed Power Conf.,

particularly on large systems. This problem how- Lubbock, Texas, June, 1979.

aver, can probably be circtmvented by the use of

fiber optics7 . (2) The volume discharge should tr.

result in a substantial lowering of the switch

inductance4 , hence, faster risetimes. (3) The / -

volume discharge minimi:es electrode erosion,

thereby enhancing the switch lifetime and thusA
promoting the possibility of developing a reliable ,

rep-rated EBTS. The recovery time mhould also be I,

reduced as contrasted to the narrow channel dis-

charge case because of the lower degree of loniza- Figure 1: 3asic Arrangement

tion per unit volume.
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Abstract

Lent and exposure of the optics to the environment.
Laser triggering of a pulse charged gas ysn|aopcZfirtornlt a se

switch is describee. The laser triggering results By using an optical iber to transMit the laser

in low Jitter switching relative to the timing of lighc from the laser to the gap, All aligr~ent and
the laser pulse. A novel feature is the use of a environmental problems can be confined to the ends
single element, Imm, quart:, opticaL fiber to
transmit the laser bean. The switch parameters, of the fiber.
such as gas pressure. gas couposition, and laser FL~ura I shove the experimental arr~ngomtnt
bean focal point location have been optfxuIed to
produce nanosecond delay and Jitter with as little that was usti to investigate the applfcatlon of
laser power as possible. The laser optical system fiber optics in this way. The spack gap is a
has been optimi:ed for beat overall efficiency in
a configuration suitable for illumination of many switch on a water dielectric, coaxial Blualesin.
fibers by a single laser. Typical operating para- The intermediate conductor of the Bluselin is
metcrs for the switch are: 2 ca Sap, 2500 Torn
pressure, 5V% Ar - 50% X2 gas mixture, and a charged by a three stage Marx bank. The Marx bank
charging voltse of 200 kV. Laser power in the has: C - 60 nf, V - 300 kV, 1 - 2700 J, and
gap is typically a few megawatts with an overall a" MAX
efficiency greater than 50 for the optical system. an erection time of 250 ns, when fired into the

Bluslein generator. The Bluxslein has: C - 6 nf.
Itroduction V - 250 kV, - 210 J, and on one shot at

Lser triggering is one of the most reliable 250 kV 1.4 mC are switched from the Blumlein

ways to tri;er a spark gap, however; in order to through the gap. The voltage on the intermediate

ise this technique the laser light must have an conductor was monitored by a capacitive probe

ptical path into the gap. If the laser and gap located near the gap (Fig. 1) and the current in

4ro separated by appreciable distances, this path the load was monitored by a resistive probe in the

coulJ beco=e awkward and present problems in Align- load resistor. A B probe located behind the Sap

LASER

Cc"(

Fin. I Expornenral Arrangement
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was used to monitor the gap breakdown, while a otherwise the output divergence angle would in-

photodiode was used to determine both the laser crease significantly.

pulse shape and the time of laser firing. By A typical laser pulse had a half width of

using these two signals, the delay between the 15 ns, an energy of 72 W, peak power of 4.3 MV.

laser entry into the gap and the gap breakdown was After passing through the optical system and into

measured. The laser light entered the gap through the gap, the laser energy was 45 =J and the peak

a hole in the cathode and was focused onto the power was 2.6 .W. The optical system had a trans-

anode. Figure 2 shows the optics that were used mission efficiency of 61Z despite the fact that

between the laser and the gap. The fiber was a three uncoated lenses, each representing an 8Z loss

step Index, single strand of quart: with a numeri- were used. If these lenses vire coated the effi-

cal aperture of .22 and a diameter of one milli- ciency would increase to 78:.

meter. On the output end of the fiber light exists The timing which took place in the experiment

with a divergence full angle of 180 at the t- 1  is shown in Fig. 3. After the Marx bank was

poAnts. Since the light diverges from the fiber, charged, the flashlamps on the laser were flashed

an uncoated quart: lens was positioned to colli- and then the Marx bank was fired. Approximately

mate this light while another uncoated quart: lens 150 ns later the laser pulse entered the gap and

focused the light onto the anode as shown in after a certain delay the gap broke down.

Figure 2. The light was coupled into the fiber

[LAStas"LAW

CwO, Lt 0Cl--'4

4%^,J VOLI"M

I1 .-. .- O a

* Fig. 2 Optics Fig. 3 Timing

using an uncoated quart: lens to reduce the bea= Figures 4-6 show results obtained with a 2 cm Sap

diameter. The light was allowed to pass through pressurized to 2700 Torr with diffe-ent rixtares of

the focus and diverge before entering the fiber. Argon and Nitrogen. The graphs show Cho dependence

This was done so that the light would not coae to of delay upon the percentage of self-breakdown

• a focus inside the fiber. At laser power levels voltage which appears across the gap when the laser

which do not produce surface damage on the fiber, enters the gap. The self-breakdown voltage was

there was no air breakdown. Flat surfaces on the determined by firing the Marx into the 3jumlein anS

fiber ends were obtained by stripping the cladding allowing the voltage across the gap to rise steadil

back, scratching the quartz circumferencially, and until breakdown occurred (Fig. 7a). 'Lgure 4

then breaking the fiber. When ends prepared by shows two curves which correspond to different ways

this method were examined under a microscopt the of charging the Blu=lin. Curve A corresponds to

surfaces appeared to be flat and smooth ov, Z data obtained when the voltage across the gap rose

of the area with a flaw nlways appearing at *" steadily until triggering occured. Curve B of

edge where the break finished. After breaking Figure 4 and Figures 5-6 corresponds t4 data ob-

the fiber, it was necessary to reclad the ends, tA.-i when the voltage across the gap leveled off



4"

40,

90% Ar 
40O

A 0%N, 10% At
P.ZTOOTrr 90%N,

0 *" 8,ZCM Po 2700 Tor
• * ".0o i. Zcm

).- d* Ur

JI .,1-00.

P, • Z
-

30 o0 ?a 041

% V"~ so Go to70 la 1* 100

Fit. 4 Fit. 6

Delay versus percentage of VSB for Delay versus percentage of VSB for a
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Four consecutive Tektronix 519 oscillo-
scope traces rith a horizontal scale of
10 ns/div. F.T. is a fast trigger pulse
derived from the lase pulse and the trace
disappears because the A signal is so fast.
These shots shou nanosecond jitter.



before triggering (Fig. 7b). Figure 4b shows that References

in a gas mixture of 90:. Argon and 1' Nlcroge: the ~1. Guenther, A.H. and bettis. J.R., 1978, J. Phvs.

delay ranged from 3 to 11 ns as the percentage of : Appi. Phys. 11, 1577-1613.

*S3 ranged from 70 to 50. In 504 Argon and 501

itrogen, the delay ranted from 5 to 29 ns while

the percentage of VS3 ranged from 75 to 55 (Fl;.

5). In 10 Argon and 90. Nitrogen, the delay

:anged from 5 to 33 ns while the percentage of

*SB ranged from 93 to 68. These graphs also show

that under the same charging conditions the delay

at a certain percentage of decreases as the

concentration of Argon goes up. Figures 5 and 6

also show breakpoints at approximately 1S ns which

is the laser pulse width. Once the laser turns

off, the delay increases at a faster rate as the

percentage of VSB decreases. Figure 8 shows four

shots in 10% Argon and 90% Nitrogen at 85 VS3

which demonstrate nanosecond jitter.

In the curves shown, all the data were ob-

tained with the laser focused on the anode;

however, when the focus was moved to the center

of the gap, no significant change in results was

observed. This observation can be explained by

noting that an image of the fiber appeared at the

anode because the fiber was not a point source of

light. Under such conditions the spot size on

either side of the focal plane changes slowly.

Therefore the power density on the surface of the

anode did not decrease enough to make a signifi-

cant difference in triggering when the focus was

moved to the center of the gap.

Conclusion

The results in Figures 4-6 demonstrate the s&me

Characteristics of laser triggering as presented

by Guenther and Bettis * thus proving that It is

possible to laser trigger a spark gap through an

optical fiber and obtain low delay and jitter.

The fact that the location of the focal spot is

not critical (not true in the work of Guenther

and Bettis) is probably due to the beam divergence

introduced by the fiber.

A On leave from Technische Hochschule Darmstidt,

FRG.
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?hysics International Company has da*eptd, built. r "

and tested a 3 W, low jitter. critgered s

switch. The switch operates In a 16.5 n coaxial

pulse ILs. The system design requires that the ,

pulse Line switches perfora the dLfficult task of

first holding off a reverse pulse charge. then J, :x \ '*

of holding off the forward pulse charge. then.,Iwo

finally, of triggering on comad. he trigger

for the switch is generated by a trigger ,AKrz 4.

placed within the output pulse line. The rmu -
.in-

der of the criggaring circuit Includes a trigger '

Isolacion gap. A %'lI-t)pe trigger electrode is

situated within the zain gap. To date. the

swicch has been shown to hold voltage and trig- Fiugre I Line %vi=h zcheaatic.

;er reliably for puLse charges from 0.9 4V to

!.5 MV. The =2s Jitter of the switch firing of the triggering circuit, is Less than 5 ns.

tn*e is Less than 5 ns. At an operating ossuming the jitter of the switch adds In quadra-

voltage of 2.5 'V, the switch transfers a charge ture to that of its triggering system, the switch

At up to 0.1 couloub per shot. with a peak Jitter alone is less than 6 ns. The Aelf-brak

;urrent af 30 kA. curve of the switch (Figure 2) shows that the

:ntroduc:lon

?hysies International has designed, built and

tested a 3 MV, low-jitter, triggered &as switch.

Figure I shows the rjor components of -he switch

and how :hey are assebled. In tests. including $ / ,, -

more than 5000 shots in the .-2 pulser built for /
the ?HME%.' facility at Los Alamos Scientific

Laboratory, the switch has met all design expec-

rations. In operation, the switch sees a

,1 - cos it) pulse charge, with the voltage rising

from :ero to peak in 450 ns. 'e have operated :he

switch with pulse charges from slightly under I MV * ",S'WI~tN D R (tURE .. aMC

to approxiately 2.5 V. Over the entire trigger- !"are Self-brea? volaqe ':erus pressure.

ing range. :he total syste= jitter, including that

% wr:k ;erf=o-ed rinder : !at. fr Los Alamos Sco.en±f_'.: Laboratnry.



switch can be expected to operate vell to Its
design level of about 3 MV. The H-2 pulser as """ ,

a whole is limited to about 2.8 XV, preventing our \ *. - \

testing the switch to its design limit.

The basic switch design rtquwrauent were imposed

by the customer's specificatlons for the H-2 , I
pulser in vhich the switch was to operate. -.., ,, .,

The pulser specifications of interest are listed

in Table 1. and the overall configuration of the "* \.

pulser designed to meet the specifications is

shown schematically in Figure 3. Each of the FiguXe 3 FHr.(.X 1-2 Pulser--schemz¢ic dLagram.

TABLE I Deien Particulars
System Requirempts for the 21-2 Pulser The design criteria for the primary elements of

1. Output 0.6 to 1.5 H9 a high voltage switch are deeply interrelated,

2. Pulse Duration making It totally Lposciblu to complete the de-

l pulse 40 4 us sign of any one switch component without first

2 putlses merged 80 j2g)n knoving how the rest of the switch is to be

3 pulsed merged 120 + 3 0 as constructed. Switch design is, therefore, a

3. Risetime 1 25 us fundamentally iterative process. For clarity in

&. Jitter a -C 8 ns presentation, however, the design of individual
180 us n~inm

5. Pulse Separation 30 no minium switch elements will be discussed, as much as

6. Reliability > 90: of shots good possible. as independent activities.

in all respects

7. .alntenance 4ot more frequent than The obvious place to begin it the criterion which
every 1000 shots forced the choice of a gas rather than a liquid

system specifications has its effect o- the final switch. Stringent specifications on pulse shape.

choice of a switch design. For example, the out- prepulse, and jitter require that edch pulse line

put voltage specification defines the voltage be electrically isolated from the adjacent pulse

range over which the switch must operate. The lines. This requirement means that the switch

operating range impacts the choice of the switch capacitance must be small compared to the pulse

electrode gap, the gas pressure range for the line capacitance. This can best be accomplished

switch, the type of gas to be used. the shape of by assuring that the dielectric constant of the

the switch housing, etc. The risetime specifi- switch volume is well below that of the pulse

cation defines the minimum switch inductance line insulator. For our ethylene Slvcol Insulated

and thus puts restrictions on switch length and pulse line, we chose to make gas switches with

geonetry as well as on the switch gap and housings machined from individual epoxy castings.

triggering scheme. (A pulse sharpening switch The capacitance with which the switch couples the

close to the load would be no mean feat. since nulse lines is roughly 5 x I0
"I1 fd, small compared

ue have three pulses In series, each of which to the pulse line capacitance of 2 x 10 
- 9 d.

must meet the risetime specification.) The configuration of the system, with the line

switches separating adjacent pulse lines, ifmposes

another Important restriction on switch design
(Figure 3). The complexities associated with



holding off first 4 reverse pulse charge. then SOl

firing, with low jitcer, at the peak ot the forward

pulse charge. require that the switches have

nearly symetric electrodes and A low-jitter L .... -

trigger system (figure 1), t --

The remaining features of the electrode geometry ,

.Are defined primarily by chrte criteria: mxlmum
Voltage holdoff, triggering rane, and switch in- 20
duccance. Data. largely empirical, are availAble
n the W fl-break volase of unifor-feld switches. 01 -

as a function of ias type and pressure.2 The max- to o 60 40 =0 0

In:u. anticipaced pulse charge thus specifies a 
Z

minimum electrode gap. The triggering range (the Fiqure 4 PNE.'X switch equpotental plot.

switch must be able to fire at voltages as low as The JASON code is also used to develop a housing

40 percent of the maxmum) combines with the max- shape that will be resistant to tracking along

imuz allowable inductance (to moet risecime require- irs gas-plastic Interface. Operating at its design

tents) in specifying the maximum allowable gap. level of 3 MV pulse charge, the component of the

One only hopes that, since the maximum and minimum electrode field parallel to the gas-epoxy Interfaue

gaps are defined by different criteria, the max- reaches a maximium of 130 k s/cm. Furthermore.

Iu= allowable Sap is not smller than the minimum the peak field is located well away fro botcto*-dead-

Sap. In fact, if the electrode diameter chosen center, where debris might collect and promote

Is too smll, extracting a high Inductance penalty tracking. The mechanical screongth of the housing

per unit length, this can actually happen. The is checked using NAC. a finic element code Avail-

choice of electrode diameter, therefore, is made able from Computer Data Corporation, to ensure that

along with the choice of the switch gap, based the housing will be able to hold pressures well

primarily on inductance and holdoff requirements. above those required for normal operation.

To meat the 25 ns risetime specification, the switch To meet the requirements on jitter and triggering
inductance must be : 200 nH. The switch inductance

as designed is - 130 nH (2 arc channels). rnes, the switch must be triggered, rather than

relying on 3elf-breaking. The primary components

Other details of the shapes of the individual, of the triggering system are the trigger electrode

electrodes are also defined by considerations and the trigger isolation gap (TIC) (Figure 1).

based on the maximum voltage holdoff. For example, Both the TIC and the trigger electrode scick-out

in addition to holding off voltage across the gap, can be adjusted to optimize switch triggering and

the switch must be resistant to tracking along holdoff. The TIC serves the purpose of decoupling

its surfaces. The JASON computer code is used to the trigger electrode from the -rigger Uarx. uhich

.alculace the electric fields near the electrodes. supplies the actual trigger signal. The potential

,he final electrode shape is chosen to produce a of the trigger electrode is thus allowed to float.

field which: (1) is as small as possible at the as the switch I pulse charged, to a level which

junction of the electrode with the epoxy; (2) has minimizes its disturbance of the overall gap field.

its maximum between the two switch electrodes; When the trigger signal arrtven. :he TIC breaks down

and (3) is nearly uniform within the gap (Figure 4). and the trigger electrode is pulled off its "no

disturbance" potential. At this voltage, the

trigger electrode has a very large enhance=ent.

streamers are launched from the trigger electrode,



and the switch gap breaks down. The interval TABLE 2

required for this switch to trigger Is reproducible Switch Paramcers and Characteristics

to within less than 6 as for a given pulse cnarge. Operating Range: - 900 kV to - 3 MV

Trigger Voltage: - 250 kV pulse
Several priurrily mechanical features of the switch Pressure Range: to 175 ps; (SF 6 )

a:* of Interest. The switch contains two tiolated M Electrode Cap: 7 cm

pressure volums. one for the main gap and trigger External Dimensions: 36 Inch dLsmtnr
electrode, the oth.r for the TIC. This feature is 20 inches thick

net*43ary as the TIC and the main gap are switches Peak Field (gas-epoxy

of J~farent enhancements and soft different voltage interface): 130 kV/€c at 3.0 v*
Switch Inductance: - 130 nX

histories. The switches thus cawmot be expected to

track each other. Customer specifications require

that a two-person crew can remove a switch and rt- Acknouledgmnts

place It with a spare in not more than A hours. The authors wish to thank t'. staff at Los Alanos

The threaded stainless steel thrust nets, indicated Scieticific Laboratory for their contributions and

In Figure 1, seal the switch and make the electrical cooperation, especially Jack Harwick and Fred
Van Haaften. Special appreciation is also due

connectiofs to the adjacent pulse lines. The s i the project manager,Clen Riceand to Phil Cha?-

plicity of this attachment schem allows rapid ney, Gordon Siacox, Tom Naff, and Steve Hague
switch replacement without jeopardizing the voltage for their many contributions.

holding characteristics of the switch or of the

pulse lines, both of which are highly stressed at

full voltage. References

I. For a more complete discussion of this prob-
Conclusions lea and of the system as a whole, see: D.,.
The 3 14V switch, designed for use in the 4-2 pulser, Cumings and H.G. HamonZI, "The Design
has performed well for more than 5000 system shots. Approach to a High-Voltage Burst Generator."

Though the switches carry peak currents as high as Proceedings of the 2nd IEEE International

80 kA and transfer as uch as 0.1 coulomb per shot, Pulsed Power Conference, Lubbock, Texa,
we have seen negligible electrode wear to date. June 1979.

The jitter, holdoff. triggering range, and Induct-
ance of the switch are well within the design 2. See for example. D. Legs, "Insulation

li its. It may be possible to use the switch with- Applied to Circuit Breakers," Power Circuit
out significsnt design changes in oth.r high volt- Breakers Theory and Desirn, C.H. Flurschei=. ed.,

age systems. Furthermore, the success of this (Peter Peregrinus, Ltd.. Hertsfordshire. Eg-

switch design provides inforarion that will be land) International Scholarly Book Services.Inc..

of assistance in the design of other high volt- Forest Crave, Oregon, 1975.

age switches. Switch operating characteristics

are suarized in Table 2.
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001AACTIATION OF HIGH ?OVER GAS SWITCH FAILUR.E HSCIWI.SMS

E. E. NOLTIO

:aval Surface Weapons Center
Wlhie Oak. Silver Spring, Maryland 20910

Abstract

A multistage, & WV, low jitter, co-and triggered in gas switches is =ore controllable :han in water
gas switch is being developed for use on large switches; therefore, switch inductance and resLst-
pulse power devices. Experiments to date have ance exhibit less shot-to-shot variation.
shown that the performance and operational life of
the switch are severely limited by mechanical and The design goals for the gas switch developoant
electrical failure of the insulating housing. are: (1) a maximum hold off voltage of 4 4V with a
Estimates of the internal overpressure produced pulseline charge tiae of 1.5 usac. (2) a transfer
during switch closure have been made which indicate of .05 coulomb and 100 Q. in a single pulse,
the severity of the blast concainment problem:; this and (3) a comnd trigger with a maximum jitter
information has led to the davelopment of a mechan- of less then 10 ns. Presently there are no 2
ically stronger switch design. Surface analyses switches which seet all of these requirements. "'3

performed on both switch electrode and insulator
surfaces were used to investigate observed elec- Description of Switch
zr£cal failure of the insulators. A layer of Figure L illustrates the design of a single section
closely spaced matal particles ware found of the multistage switch tested at Casino. Switch
imbedded in the insulator walls, voltage is squally divided across each atage (with-

in five percent), an arrangement that gives the
maximum voltage hold off for the -ultistage switch

Introduction configuration for a fixed gas pressure. Several gas

During the past year and a half the Naval Surface dielectrics have been tried. An equal part mixture
Weapons Cancer, Wite Oak Laboratory (NSWC/VOL) , of sulfur hexafluoride and argon has been found to
and Pulsar Associates, Inc. (PA)O, have cooperated give most satisfactory results in terms of di-
on the development of a I. MV, low Jitter, cozsand electric strength and cleanlLness.
triggered, gas switch. The fully developed switch
Is intended for use on high power, single pulse Various triggering schemes have boen employed to
devices and testing has been performed on the ccmand fLre the gas switches; however, all the
Wefense Nuclear Agency's Casino nuclear weapons -ethods have used the same fundamearal design. A
effects simulator. At present the Casino simulator high voltage signal is input %t the positive end
has four three-electrode water switches which each of the switch producing ultravizlc illuination
transfer a nominal 100 kJ from four 2.5f pulse- of the negative electrode. The illuminated elec-
for=ing lines into matched loads. The gas switches, trode emits electrons which Lnitiate rapid closure
when fully operational, will be used to replace the of the triggered stage. An annular electrode con-
water switches. figuration allows the ultraviolec radiation produced

by the closure of the triggered gap to radiate the
There are several reasons why operable gas second stage. Each succeeding stage is illuminated
switches would be preferable to the existing water by the preceding gap in the same manner until the
switches. First, recent computer studies of swit:ch entire switch is closed.
parameters indicate that water switches are In-
hearenly more resistive and suffer frol time The entire switch col-umn assembly was rigidly
4ependent capacitive 4oupling effects. Therefore, connected at the positive output) end of the switch.
water switches have a substantially greater loss in At the opposite end, the switch columns were attached
delivered power and energy than those with a gas to a plate which was electrically connected by
dielectric. Second, gas switches can be operated several short, braided straps. This cantilevered
with less .1tter, an important consideration when switch assembly allowed hLfting of the pulsellne
synchroni:aclon is required. Third, the mechanical and transformer, when transmission line fluids
shocA associated with switch closure is considers- were transferred, withouE creating stresses in the
b1? 'less with a gas dielectric switch. Reduction switch components. Figure 2 shows location and
of mechanical shock lengthens both switch mounting of the switch assemably.
and machine lifetcies. Fourth, current distribution

Illuminated, multistage switches of similar

"Pulsar AssociaULs Inc. design have demonstrated low Jitter operation.

11491 Sorrento Valley Road The maximum voltage the switch is able :o sustain

San Diego. California 92121 is determined by switch length. i.e., the number



of stages employed. electrical failure when up 1o t.: 0
where impressed across . rods. NWCIOL

Discussion of 1lchanical Failure in Gas Switch built a three column swit, which used
The first gas switch tested at Casino had 2.5 cz the glass-filled polycarb. 4.4 and
diameter brass electrodes and an acrylic insulator 5 c= ID, lexan insulators. uio colw-n assrzblv
2 2.4 em In length and S cm in diameter. The entire was clavped between two 1.1 .1") steel plates
switch assembly coniisced of six parallel columns, that were held by three 5 c= (2") diameter poly-
each with 18 stages, evenly spaced on a 25 cm carbonate tie bolts to prevent the switches from
diameter bolt circle. This configuration provided axially expanding. With this arrangement the switch
about 5 ns Isolation between adjacent columns has been operated at voltages up to 4.2 WV with all
which was intended to force all of then to share energy transferred through one switch col=n with-
currents equally. Unfortunately, simultaneous out mechanical failure. During these higher voltalst
closure of the coluns did not consistently occur. tcst switch current was sufficient to nelt electrode

• The one column that transferred all the energy solder joints and electrodes had to be welded to
catastrophically failed even at modest voltages the electric grading fin for support.
(2.5 .r').

PAl built a single column, 10-stage switch that
The primary failure mode was fracturing of the tic increat A the acrylic insulator length, Inside
rods caused by the axial expansion of the switch diameter, and wall thickness by a factor of tva.
column producei by the large gas pressures gen- By increasing the switch colume by a factor
crated by the arc. Axial expansion of the switch of eight the pressures at the Insulator wall were

• column occurred because of deformation of the greatly reduced. The pure polycarbonate tie rods
assarbly end plate located at the pulseline end were also doubled in diameter. This single switch
of the switch. Insulators, usually the ones located exhibited no mechanical failures during testing of
at both ends of the coluarn, were also destroyed as voltage up to . H%.
the unbroken tie rods would rapidly restore the
column to its original length. Both designs worked satisfactorily in stopping the

failure of the column insulators and tie rods due
Although an occasional failure would be produced to the overpressure. The single-column design is0 by a water arc occurring outaide the switch column, more inductive than the six-column switch, but
most were caused by internal pressures generated in because the insulating surface was moved further
the gas by the passage of large switching currents, from the arc path it is likely to exhibit longer
The amounr of energy deposited in the switch is switch life. A single column switch has been used
difficult to measure, but calculations indicate in all subsequent testing.
that energies of 30 kJ (peak current of 500 kj)
are deposited in the switch in about .5 usec. Discussion of Insulator Electrical Failure
These calculations, together with an estimate of After the switch assembly was designed so that it
an equation of state6for the gas, lead to a no longer exhibited mechanical failures, it was
prediction of 9.5xlO Pa (l400psi) for peak switch discovered that the maximum hold off voltage of the
pressures. Containment of dynamic pressures of switch degraded with switch use. For a given gas
this magnitude required a redesign of the original pressure setting the voltage at which the switch
switch hardware. INvo different approaches were would close without command trigger decrease as
used to prevent the mechanical failures. much as 1.5 4V ovtr a ten-shot firing sequence.

Since low jitter, co=and trigger operation requires
RSWC/VOL tested several plastics to determine the voltage across the switch at the time of
which materials were most compatible for switch trigger arrival to be within about 10; of the self-
insulator and tie rod use. Four types of plastics breakdown voltage, it was not possible to make
(high moleculat weight polyethylene, polypropylene, jitter measurements.
acrylic, and polycarbonate) were studied for
insulator use. Each of the plastics were pressure Inspection of the insulator walls showed that
tested under static and dynamic loading. Both the faint tracks bridged the length of some of tht
polyethylene and polypropylene were found to distort insulators. Figure 1 indicates location of
sufficiently under pressure to cause o-ring seals to wall tracks. It was evident that little energy
be broken. Furthermore, the polyethylene eroded was actually transferred along the insulator wdll
badly due to surface cracking during electrical because of the lack of damage found on either the
testr performed on Casino. The polycarbonate insulator or the adjacent grading fin. Apparently
insulators were found to survive stati9 and current passing along the inside wall acts as
dynamic pressure tests of up to 7.4xlO Pa (llOOpsi), trigger mechanism for the associated electrodes.
while the acrylic plastic falle6 at static pressures Initiation of the main gap closure may occur
as low as 3.4xlO0 Pa (50Opsi) after cycling, because of imbalance of the electric field at

electrodes due to the surface tracks causing
A glass-reinforced polycarbonate (30% random- asy=etric field distortion. Another possible
oriented glass fiber, 70% polycarbonate resin) mechanism is the generation of ultrav'olet
was tested, both for strength and electrical radiation at the insulator wall that illuminates
properties, as a possible tie rod material. It was the electrode.
found that the glass-filled polyc4rbonate tie rods
exhibited much less elongation av failed at about Attempts to stop the sliding sparks by convoluting
the same tensile stresses as the pure polycarbonate the inside insulator wall did not have any measura-
s'mples. Pulse testing on Casino revealed no ble effect. The surface contours required that the
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sliding sparks, starting at grading fin-insulator- to a depth of about 20A. The advantage of ESC.
gas triple point, would have to reverse direction is that it not only detects the elements present but
against the potential gradient. Furchemore, the also Indicates the types of chemical compounds
convolutions were designed so that blast and ultra- formed. Jhile considerable fluorine was found on
violet radiation fren the main gap closure were the used insulator surfaces, the analysis showed
not directly incident at the triple point. Experi- that the oxidation states of the copper and zinc
ments on Casino showed that the tracking scill were not due to that element. Also, very little
occurred with tracks passing directly across the tree sulfur was found on the surface of the
convolutions. insulator. These results imply that the breakdown

of SF6 was not likely the cause of tha insulator
Tests of a single stage of a switch at comparable failures.
voltages, but much less transferred energy than at
Casino, were conducted at ?At. No decrease in the The brass electrodes were analyzed by Scanning
insulator's -aximum voltage hold off were Auger Microscopy (SAM). These tests gave the some-
obsersed, These results indicated that insulator what suprising result that on the used electrode
breakdown pheno=ena is energy dependent, surface the ratio of copper to zinc was approximately

one to one rather clAn 2.5:1 deeper (MOOA) into
It was hypothesized that the source of the insulator the metal. The higher zinc concentration is caused
electrical failure vas due to one or more of the by the pieferential oxidation of the zinc at the
following: contamination from by-products formed surface. The oxidation of the :inc causes
by the electrical brtakdow, of ;he sulfur hexafluo- a diffusion gradient which leads to an enhancement
ride used as the insulating gas ; ultraviolet radia- of zinc at the surface.
tlon charted , causing insulator surface to become
charged; micro-frattures of the insulator formed All the surface analyses results point toward
by the dynamic overpressure of the arced insulating deposition of metal electrode particles on the
gas; insulator surface erosion by hot g2ses creating Insulators. It cannot be directly proved that the
a microscopic surface structure that is electrically metal particulate is the cause of electrical
weaker; or electrode material being plated on the failure of the insulators. However, the extensive
insulator surface. To teat these, hypothesis samples mealization found by the surface analyses will
of the insulators were sent for surface analyses.* limit switch life and should be suppressed.
The insulators analyzed included unused plastic,
heavily and lightly tracked insulators, and used Conclusions
Insulator with no observable insulator tracks. Design considerations of gas switches to be used in

high voltage, large power systems must take into
Scanning Electron Microscopy (SEH) was used to account the sizable energy that is dissipated in
show insulator inner wall topography. Figure 3 the switch. To reduce the likelihood of mechanical
shows a comparison of the surface of an unused failure the best approach appears to be to increase
insulator and one exposed to several switch closures, the volume of the gas which lessens peak pressures
There is an obvious difference in the contamination to be withstood by the switch components. Con-
level between the two insulators. sideration of the energy stored in the pressuri:ed

gas should be =ade so that a break of the switch
Transmission Electron Microscopy (TD-() was used to housing does not result in mJor damage to
provide high magniflcation (up to SO,OOOx) of the surrounding equipment.
insulators internal structure. A thin section
('-000A thick) TDI micrograph is shown in Figure Surface analyses comparison of used and unused
A. rte micrograph shows opper and zinc deposits insulators indicate a substantial plating of
(black dots) imbedded in the insulator surface. electrode material on the insulator. Two
The size of these particles range from about 250A approaches are suggested for preventing the
to 1000A in diameter. No stress cracks ware metal plating on the insulator: first, a change
abserved in the body of the insulator indicating a in the electrode material from brass to a tungsten-
lack of 3bvious structural damage due to blast. copper composite may substantially reduce this

effect, second, the use of mechanical shields which
T"e inside surface of the insulators were analyzed do not allow a direct line of sight from :he arc
by Energy Dispersive Electron Probe Microanalysis gap to the insulator. Designs incorporating both
4EDX) to determine the main elemental components of these features are being readied for testin;.
several microns into the surface. These tests
results shoiad the presence of copper and zinc on References
all used insulators, with the tracked insulators F. F J. Sazama and V. L. Kenyon (Proceedings
exhibiting the largest a=ounts. The quantity of this Conference)
copper and zinc uere found to be approximately
equal; a finding :hat is consistent with the lower 2. M. Kristlansen and M. 0. Hagler, "Critical
energy require=eat for the vaporization of zinc and Analysis and Assessment 3f High Power Swit.hes"
:he approximate 2.5 to one concentration superiority T. R. Burke, ?.I., Texas Tech University,
2f copper in the brass electrodes. Lubbock, Tx. Aug 1. 1978.

Z;ectron Scan for Chemical Analysis (ESCA) was 3. S. Kassel, "Pulsed-Power Research and
used to measure the insulator surface properties Development in the USSR." RAND/R-,2l2-ARPA,

RA2,, Santa Monica. CA. 90406. May 1978.
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BALCED, PARALLEL OPERATION OF FLASHLA.PS *

B.M. Carder, B.T. Merritt

Lawrence Livermore Laboratory

Livermore, California 94550

ABSTRACT equal current sharing to within 20%, provided all

A new energy store, the Compensated Pulsed lamps are properly preionized. In this paper, we

Alternator (CPA), promises to be a cost effective report upon a simple method using inductors with

substitute for capacitors to drive flashlamps that reacting mutuals in each lamp circuit, that pro-

pump large Nd:glass lasers. Because the CPA is vides parallel current sharing within about one

large and discrete, it will be necessary that it percent. The method requires no special pre-

drive many parallel flashlamp circuits, presenting ioni:ation circuitry: lamp triggering is

a problem in equal current distribution. Current accomplished with the LC ringup between the

division to : 20% between parallel flashlamps has inductor and the lamp cable capacitance.

been achieved, but this is marginal for laser

pumping. A method is presented here that provides Summary of Results

equal current sharing to about 12, and it includes An experimental system was constructed in which

fused protection against short circuit faults. The eight parallel flashlamp circuits, were driven

method was tested vich eight parallel circuits, by a single 200 J, 20 kV capacitor bank. Each

including both open-circuit and short-circuit fault circuit comprised two series 44-inch long, 15-m

tests. bore, xenon filled flashlamps, a fuse, and an

inductor. With an inductance of 112 uH in each

circuit, equal current division to about 4: was
!ntroductlon achieved. %hen inductors were stacked together

The new Nova solid state laser will require an so that the mutuals subtracted, they became

energy storage system of at least 100 MJ size to balancing reactors. With this arrangement, current

drive the 5 to 10 thousand flashlamps that will division within measurement error V- 1) was

pump the glass. This type of distributed load is Achieved and the effective series inductance in

normally drivfti with an equally distributed inergy each circuit dropped to about 15 uH.

store - namely a capacitor bank of many modules.

Alternative stores to capacitors, such as the Open circuit tests were also made. When one of

compensated pulsed alternator, are only practical the flashlamps was disconnected, the remaining

in large single si:es, however, so the requirement seven circuits shared the full bank energy, and

exists to learn how to drive many parallel flash- balancing was achieved as before.

lamps.

The worst-case unbalance occurs when a flashlp

Flashlamps are nonlinear resistive loads with a breaks and the circuit becomes shorted. Tiia case

resintance chat decreases as the current through was simulated with a deliberate short in place oi

chem increases. Equal current sharing will there- the lamp. With a 112 .;H .nductor in each circuit.

fore not necessarily be achieved when the lamps are the currents in the seven normal circui-s balanced

operated in parallel. Ihall1 has demonstrated well, but the current in tic shoted cirr-ult rose

parallel operation of 16 flashlamp circuits with at three ires the nominal value until :he fuse



455

burst. The energy dissipated by the (used shorted fuses protecting the capacitors were 700 A/I.5 nset

circuit was about 1.5 to 3 times the normal value and the output fuses were 5000 A/1.5 nsec or

dependirg on the fnse size. 7000 A/1.5 =sec depending upon the test performed.

Parallel flachlamp operation has therefore been Circuit performance was monitored by measuring

demonstrated. Series inductances work well but currents via four Pearson #301X probes and re-

balancing reactors provide the most uniform cording these waveforms on a Tektronix 5441

current sharing. If a flashlaup fails to fire, oscilloscope with a four channel input. These

the remaining lamps share ity energy. In a laser current probes :re useable to 50 kA. Photographs

amplifier this would be advantageous, since the ' of scope traces were taken to preserve the data.

pumping efficiency would then remain virtually

unchangad. A shorted circuit can be protected Procedure

adequately with a fuse. It will reduce the energy The first test demonstrating parallel operation

delivered to the other lamps by up to three times used a 450 UH pulse shaping inductor in each

its normal share. In a large system, however, circuit. The inductor's value was halved twice:

this amount of energy loss would be insignificant, first to 225 and then to 112 t. For each in-

ductor value a number of shots were taken at

Test Configuration voltages ranging from 16 to 22 kM. In order to

The test circuit schematic is shown in Fig. 1. view all eight flashlamp currents on a single

Each of the eight circuits comprised eight shot, two circuits were strung through each

parallel 14.5 UF capacitors; however, all eight Pearson probe. Then each waveform was the sum of

circuits were connected together at the charge two currents.

resistors (Point A in Fig. 1) as shown, effective-

ly forming a single 928 uF capacitor bank. Special cases of one circuit open and one circuit

shorted were investigated. To simulate a shorted

flashlamp circuit, one series pair of lamps was

. . -. replaced by a hard wire short. Open circuits

I J I were simulated by opening one circuit at point "B,
MF Fig. 1. Open circuit tests were performed with

S • " .N.. 112 aIt inductors, and with intial charge voltages

",. . of 16 to 18 kM. Short circuit tests yore performed

_ with two sizes of output fuses (5000 A and 7000 A)

- and with 112 uH inductors st an initial capacitor

charge voltage of 16 kV. A short circuit test was

also performed at 20 kV with a 5000 A fuse output

Fig. 1: Test Circuit Schematic and 112 u inductors.

During the experiment, the pulse shaping inductors The pulse shaping inductors were then connected

were varied from 450 ull to 112 UK. For the final together by paralleling the circuits at point B,

phase of testing, these inductors were placed in Fig. 1. The test circuit then comprised one large

parallel by additicnally connecting the eight capacitor (928 F), one inductor (14 H). and

circuits together between the inductors and out- eight parallel flashl-p circuits. Balanciig

put fuses (Point B in Yig. 1). For this cave reactors were uined in each flashlamp circuit.

balancing reactors of 15 uli were inserted These were nominally 44 tH pancake inductors that

directly at the flashlrnaps. Tho sparkgaps pro- were st .cked together in alternate fashion .30 that

tecting the inductors were set at 40 kV. The adjacent mutuals subtracted. Two of these
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Lnductors vee paralleled for each circuit. The the current of the other circuits until the fuse

resulting series inductance in each circuit was blown. The 7000 A/I.S see fuse (Fig. 3a) blows

1S uH. Normal operation and one circuit open tests at 22 kA, and the 3000 A/l.5 =aec fuse (Fig. 3b)

were run. A short circuit test was not possible blows at 15 'kA.

due to current limitations on the balancing re-

actors. In the first case, the energy dissipated by the

shorted circuit was about 40 kJ instead of the

Test Results normal 15 kJ. In the second case, with the

Selected current waveforms from tests that used smallar fuse, about 29 J instead of 15 kJ were

series inductors for current balancing are given dissipated by the short. A third short circuit

in Fig. 2. Short circuit test waveforms are given test (not illustrated) was made wich the smaller

n Fig. 3, and waveforms of tests using balancing fuse, and with the bank charged to 20 kV (190 k).

reactors are given in Fig. A. In this case, the fuse blew at 17 kA and the

shorted circuit dissipated 34 WcJ, instead of the

Current Balancing via Series Inductors normal 24 kJ.

Tests with 450 uH, 225 uH, and 112 UH series Ln-

duccors in each of :he eight flashlamp circuits Note that the energy dissipated by a shorted clr-

demonstrated a maximum current imbalance of about cult would be a very small fraction of the energy

&. The case with the greatest imbalance (112 ul) in a large parallel lamp system. Since the fuse

is presented in Fig. 2. Figures 2& and b each limits the energy dissipated by the short, regard-

show four traces with two circuits per trace, and less of system size, no significant degredation

normal operation (no opens or shorts). In Fig. 2a of laser system performance is anticipated because

the capacitors are charged to 16 kV, giving 120 kJ of a shorted circuit.

for the 8 circuits. Figure 2b is with 22 kV charge

and 225 kJ total. Current Balancing via Balancing Rectors

The results for current sharing tests using bal-

Figure 2c is 16 kV (120 kJ) and one circuit open. ancing reactors is given in Fig. 4a. Four traces

Three of the traces have two Live circuits each, are shown (two circuits per crace), and the bank

showing good balancing. -he single trace with only is charged to 16 kM. Since tha traces lie one on

,ne Live circuit shows Just half the current of cop of the other, with no separation, we sur=1ie

:he others. Thus the current divides properly in that current balancing is achieved within measure-

all seven active circuits. Analysis shows that tent error (% ).

the average energy dissipated by each circuit is

just 3/7 of that dissipated by the nor=l case An open circuit test is presented in Fig. 4b. Here.

when all eight circuits are active (Fig. 2a). the seven normal circuits balance within measure-

ment error, and they share equally all 3f the

Short Circuit Tests circuit energy.

Figures 3r and b are short circuit tests at 16 kV

charge and with 112 uH balancing inductors. In

each picture, three circuits are strung through

each of two of the Pearson probes. A single

normal circuit is strung :hrough the third probe

and the shorted circuit through the fourth. in

each case. analysis shows that all seven normal

circuits balance well (within a few =). The

shorted circuit, however. draws about three ti=es



a. 15 kV charge. 1000 Aldiv, 100 usec/div a. 7000 A fuse in shorted lag

o. 22 kV charge, 2500 A/di-, 100 usec/div b. 5000 A fuse in shorted leg
2500 A/div, 100 Uaec/div

Fig. 3: (a.b) Short circuit test. 112 .41
inductors in each of 8 parallel flashla=p
circuits, uith two fuse si:es in shorted
circuit.

c. 16 kV charge, 2500 A/div, 100 usec/div
one circuit open

Fig. 2: (a,b.c) Eight-circtit parallel flashla=o
test using 112 H inductors in each circuit

a. Eight nor=a1 circuits



Ass

b. One circuit open
16 kV charge, 2500 A/div. 100 usec/div

Fig. I.: (a~b) Eight-circuit parallel flash1,A~p
tests using 4ur..ent balancing ritaccari
with affective 15 ulI inductance i tacht
circuit.

1. E.K. Inall "Powering Lasar Fla2shlanps from a
Storage Inductor", High Power HJ h Energy Pulse
Production And Application. A2%U Press. Canbetrra.
Austra4lia. 1978.
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APPLYING A COMGEOSATED PULSED ALTE.ATO TO A FLASHLAX{ LOAD FOR NOVA*

5.1. Carder. I.T. Merritc

Lawrence Livermore Laboratory
Livermore, California 94550

ABSTRACT At present, a small 200 kJ Conpulsator is starzin;

The Compensated Pulsed AlternAtor (CPA) is a large through a comprehensive test program a: LT. The

rocacing machine chat will convert mechanical, magneccs, mechanics and electrical zhPrac:terisIcs

rotationally scored energy into a single electri- of the machine are to be determined, and the

cal impulse of very high pover. It is being op- machine will be used for driving 16 parallel flash-

tini:ed for driving flashl-=ps in the very large lamps in an ILL laser amplifier head. The test

Nova Nd:glass laser system. The machine is a data for the small =chine vii be used in the

rotarv flux compression device, and for maximum design of the large Nova-site machines.

performance, it requires start-up current. Ve

report upon a circuit that will provide this In this paper, we report upon the circuit chat vill

current and that will also assist in triggering couple the 200 kJ Conpulsator to its 16-flashl=p

the flashlamps. This circuit has been tesced with load. A similar circuit will be used for each

o 200 k- capacitor bank and it is now being tested Nova Compulsator, where hundreds of lamps will be

with a small 200 kJ CPA. Larg* Nova-si:e machines driven by a single machine. These circuits pro-

ill require output energies in excess of 5 Xi. vide start-up current for the Copulsator as well

Ue also present epirically tested formulae that as providing triggering to all of the parallel

will assist n matching the Nova flashla-p load to flashla=p circuits.

any given size CPA machine.

Hatching the Copulsator to the fiashlamp load is

another iportant task in this progra. EpiriCAl

Introduction data have been collected for the large Nova flash-

The Compensated Pulsed Alternator (Copulsacor) is lamps chat enable us to characterize this type of

a very large rotary energy store that is a candi- load over a broad range of operating conditions.

date source for driving the 5 to 10 thousand flash- Briefly. we find chat the energy U delivered to a

lamps that tvii pump the Nova laser. It is pre- flashla=p is given by. W - M 1 3/2tc (Eq. 1). whereP

sently under development by the University of Texas i is the peak current through the l--p and t is theP
at Austin (UT) and the Lawrence Livermore Labora- time for full-width at half-=axi-u ('-4) of the

tory (ILL). In the final (Nova) version, the current pulse. The factor f is a unicless current

machine will deliver a pulsed output energy of 5 waveshape form factor chat has a range of values

to 20 XJ in about a half millisecond time with a fro 0.8 to 1.02. For the Copulsator waveshape,

peak voltage of about 13 kM. The ocder of a 100 14J f is very nearly unity (: 2:). The parameter as

total energy viii be needed for the Nova flashlamps. been found to be constant within two percent over

a broad range of energies and pulse durations. It

is defined by K - V/iv, where V is the voltage

*-Work perfored under the auspices of the U.S. actoss the flashlamp and i is the current through
Dept. of Energy by the Lawrence Livermore it. Thus the flashlamp resistance is
Laboratory under contract no. U-705-Eng-8. t T the h rstn is- vii - KlI. (2)
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Derivntcons of these or-..lae and exa:ples of pulses do not occur.

their use are presenced in the paper.

Su==arv of Tescing to Data

est Circuit The Co-pulsator load circuit was tested at LLL ai:h

The simplifled circuit for testing the 200 k a 0.01-T capacitor bank I- place of the Compulsator.

Co=pulsator and load is given I- TFi. 1. The and a start-up capacitor comprised of one 175 ;F

start-up capacitor will store 2.5 co 10 kJ of can. [nictal testing of Zhe flashla=p circuit

energy. Z will be InitLally charged to a nes- demonstrated that the flashlamps ,hld off 12 kV

rive voltage to facilitate L-4diace current flow before they self-fIre. Testing of the fliahlazpl

uhen the i-nitron swLtch Is fired. A the same scart-up-capacicor circuit alone demonstrated that

time. :he flashla=p reflector is btped by the all 16 la--ps vould fire when :he flashlap reflec-

pulse transfortmr. breaking dovn the flAshlamps. tor circuit was bumped and the start-up capacitor

A s- al reverse current flows through the isaps was charged to minus 4 kV. Verification of flach-

into the start-up capacitor, helping then to :u= lamp firing was provided by 16 current bugs :hat

on. drive rva S-channel scopes.

:*_q1"W -The systatn vas next tested ,iLthout diodes, but

r.gwith the 0.01-F capacitor bank (200 kJ at 6.3 k)
substituted for the Coupulsator in Fig. 1. The

flashlamp reflector vas pulsed 10 usec before the

ipiltron yes filed to assure that all flashlanps

vould be conducting before the lo Impedance 0.01-F

capacitor bank shunted the start-up capacitor.

, , (With the Compulsacor, this time delay vill probably

U"W, not be necessary). -he circuit performed normally.

and the flashlaxp current was first negative be-

Fir. 1: Simplified Compulsator test circuit, cause of the negative voltage from the start-up

capacitor. This negative current reversed direc-

m ;urrenc flown through the Co=pulsator. it be- tion as the positively-charged bank capacitor rung

.c=*a .ozpressed and amplif ed. This causes the into the starr-up capacitor and discharged through

start-up capacitor to be positively charged. :he flashlamps. Fl. 2.

Currenc then flows through the la=ps in the posi-

tive 11rection. and they are driven in the nor-al Thse tests demonstrate that the circuit provides

=nnndr by the -=chine's impulse. the triggering to the flashlamps as anticipated.
and chat all 16 parallel flashla=p circuits balance

.t tr :he positive current Inpulse. the machine veil by virtue of a 125 Ai series inductor in each

provides a soft zero crossing, and the Iigntron circuit "eg. The circuit and flashla-ps are pre-

switch and flashla=ps go out. This extinction is sently being shipped to Austin, Texas vhere testing

facilitated by the diode, because it alloys a of the 200 kJ Co=pulsacor wiil begin shortly.

small reverse voltage to appear across the switch

that helps :o clean up hoc ions. The second Characteri:ing the Flashla=

positive pulse vill appear about 3 ms after the !n 1965, Cone: 1 characterized a flashlamp by the

switch exti-guishes. This should be a=ple time equation .1j - k1 - :onstant. uhere : is the plasma

for the iLnitron to recover, but if it does not, resistivity and j is the flashlamp current density.

a acKuo vacuu= interrupter is being provided ;not 3onc: was dealing wirth small tubes vith bores

shown in Fig. 1) that vill insure that repeated completely filled vith plasma. This relationship
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(in mks units), d 9. x 104(CWIL) 0 .6 (Eq. 5) where

WAt is the deposited energy per unit length in the

gas. They also noted the existence of a transition

region betveen d - d(Wree space) and d - d(borO).

where the final arc growth slows down due to the

influence of the flashlam, vall. Finally. Nobla

and Kratscher 3 and others have noted a fill pres-

sure and gas type relationship for the flashlnnp

constant. For xenon, this relationship is

K 1.27(P/450)0 "(Z/d), (Eq. 6), vhere P is the

fill pressure in Torr.

The present Nova standard flashla-p has en arc

length E - 1.12-u. a bore dia=eter d - 0.015-=, and

a fill pressure of 300 Torr xenon. By use of Eq. %6).

we have X - 1.27(300/450)0. (1.1210.015) , 8.3,
assuming the bore to be completely plasma flle4

(a) (neglecting Eq. (5)).

1 ib N~ote that since R - IC , we have R =i ~"pAt
peak current and Vp - I pl n - oVtP. Ue can there-

fore define X as, K - V IY (Eq. 7). Using this
defitition, K was calculated for the Nova leaps by
measuring the peak voltages and currents. recorded

siultaneously from -ny discharges. The range of

energies varied from 5 :o 27 ki. the peak currents

varied from 2.3 to 6 M And the current FUML times

varied from 480 to 800 usec. Over this range, K

(b) remained constant at 86.5 : 2. This value agrees
200 Usec/div. uith the X w 87.3 number obtained from the 'able/

Kretschner relationship. Because of the long pulse

duration of 0.5 =see or more desired for Nova, u4
Fig. 2: Current vavefors from sixteen parallel

flashla=ps. Sixteen parallel flashlaups are assuning (for nay) that the bore becones filled
are driven first negatively vith a 175-uF. early and that Eq. (2) is valid vith K - 67 oh:sVl'.
-5 kV start-up capacitor, followed 150 usec
later with a 0.01-F, +6.4 kV capacitor
bank. a). Sixteen circuits displayed in- Using Eq. (2) for the resistance, the instantaneous
dividually fro a single shot. b). Eight 2
circuits per trace, shoving that parallel pover dissipated by the flashlamp will be i 2 - Ki
flashlamp circuits balance yell on each The energy dissipated by the flashlamp vill therefore
shot.

be. tf

leads directly to Eq. (2). L.e. R - K/ i, where the W . K f /2dt

" L (Eq.). Later, in'flashlamp constant", * d ;- The value under this integral will depend upon the

1974, DLshington. at al. introduced an empirical vaveshape of the current pulse. For a square pulse

relationship for the effective plasma diameter d (constant current). t2-t1 - Lt (i.e.. the total
in Eq. (4) to account for the early grovth of the pulsevidth and the FM- are the same), and

plasma strean:r before the bore is filled: i.e.
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-w 1/2 St (Eq. 9). Combining (5) and (9), 200 W 5 Wsq. P

we can definet A vaveshepe form factor ao,
2€ 1 3/2 dt X./,t F1 .hl--.os

3/ Y y31 dX (10) sn e -

sq. xI  n 16 .00P p

where the nor-.al:actons of x - t/.t and y j/t Total la.ps 16 1,00

ae made. Torm factors for a nurber of waveshapes • (ki) 12.5 12.5

have been calculated. - and they vary fro A minimmun W (,) 4.4 ..

of 0.3 (for a triangular wave) to slightly more .) (-"*c) 0. 0.5

than 1. For uhis anticipsatd Coupulsator waveforz.

is v15ety nearly unity (a 2:). Rearranging (10) Cc:xpulsacor
and subscltuc-ng (9) we obtain Eq. (1). namely. C (k3) 00 5000

3/2 I (kA) ;0 370

sq. p at (msec) 0.5 0.3
and this is the equation that enables us to match V (wV) 5.7 111.

:he flashla load :o the Compultator. For the P (Wu) 0.- 10
Nova flash.amp. vith the Compulsator waveform,
- 57 i/2.t. (11) Table I

P

.atching FlashIanps and CoauuLsacors References
Equation (11) applies for a single .ova-size flash- 1. J.H. Conc:, "Resistivity of Xenon Piasma",
l=p. As A rule. two of these "amps will be .J. AppI. Physics, Vol. 36. Nta. 3, March 1975.

driven -1i series, and many In parallel by a single 
p

CQnpulsacor. For a !lashla.p syscea of n series 2. R... Oishlngton, R.I. [!oak, and .,. Ililber;,
s '"Flashlarp Dischar;e and Laser Effic ency"

by nP parallel lamps, the required Compulvator Appl. Optics, Vol. 13. Nto. 10. Oct. 197A.

enor,. (Atssu, 1). pp. 2300-2312.

W n n Up - I. n 31 lt (Sq. 12), and the required 3. L. Noble and C.3. Kretschaer. "Optical Pu=ps
for Lasers', Tri Annual Report, o. 1. £CO..-

Cam;ulsAao peak current. LC - nP Ip (Eq. 13). The 0239-1, Contract DAA07-71-C0239. Xarch 1972.

peak Co pulsator voltage will be, V - n sV - n f P A. B. Carder and B. Xerrit:. 'Compulsacor
r SOptii:acion 's (Appendix 1). LLL EngIncering

i-q. 14), and so the peak Com.ulsator power is Noce ETB-192 (MZ' 6'), 11129/;.

P. V I - Yn np0/2" ..  /at (Eq. 15). Two
examples Ara given in TAble 1. assuming X¢ - 87. Refc:enCC to a eoaipsny of product

name does not mnpir appruval or
V.:h :he s=11 prototype Copulsacor, we desire rccommendatton o( the product by

the Untversity of C lifornia or theto praye 200 MJ into 16 parallel N ova f*lashlamps L S. Ocparuncnf of Enrcry to the
with a half-millisecond pulse. A typical 5 MJ ciclumon of others that may be
':ova Copulsator would provide a half-millisecond ttble.

pulse into :00 parallel by 2 series flashla=ps NTCE
-1 144 #el#W~t * 4 "stq Hkietro 0 4It400 total). The actual terminal cutput voltage . S.,. C,...,.
Nitak*: lie UN144 $sl ti he 1t4 Staffs

af :he machine will need :o be socewhac h gher Z9nify. Ieh &..& .... AdMi.e.l,,,fAWN sy off Xw msem l~s. t, 64 4l t(hee

:han that liven in the table :o make up for losses ^.A, ,ets. W Warl.4, .
NK0-$ 6411 Srabm elt OeUns1the

in the systez. .octe tnut Losses will also increase - s.,. e UA.If to y
.Atfrl oemalm. Apt ltu... tef4 1, *

the peak pover and :he energy output requirement. ast.o.. W. .,,. . -it. as
Obsl e |rtm31tsr.* d oafstt.

but thee should be s=ll (. 10) in a t:pical

systen.
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104 R otor Diaeter and Speed

460 One algorichm that has been used to deternine the
a *r .-. , I.t.. W angular velocity of the rotor Ls based on the
'6, . observation that for typical circuits the effective

A"satture flux link.age is constant durinL the mtin
a.. ±portC of the output current pulse. That is the

piduct of the effective transient armature Lnduc-

,s i., a.. ,' IS ' ,' " tance and current Is a constant. Therefore, the

output current Ilod may be described by

Figure 2: Typical Current Pulse Inc* Flashlaup Load
La4o(2 ) - L a /L( z ) sups (01)

tapacity to deliver current pulses if several him-

dred kiloamps. It ia therefore ncesser to connect %r#tri i the angular displacement between the

multlple flashlmp circuits In parallel to maxiize axes of the rotor and coloepnsatLg vindings, and

energy delivery per pulse. One lamp configuration L0 and I are Initial values of inductance and

now being considered for NOVA consists of two 15 m current at n established dring the startup

x 20 = x 112 c= long xenon flashlamVs connected in phae of the discharge. The ofiective armature

series. One hundred or mare of chese series circuits Inductance versus angular position is given by

a:& connected in parallel with Inductors placed in

each lit to insure proper current division. The L(O) L In + aL(l - cos(. p0 /2)1 H (5)

iquivalent Ispedance of the flashlamp load is

modeled as a nonlinear resistance given by Using Equations . and 5 tht pulse half width t is

given by

A n K(nPI.osd) IL/2 . (o)t(load aap4
t *('- _ o'L(L- =~k ) (6)

pm,

hor.o Aa is the lamp impedance constant (one lamp).

is :h nu-ber of 2mps In series per circuit (2), where N is the number of polts, u is the Angular
ps the nu.er of parallel lamp circuts, nd velocity of the rotor and :he terms a and 1,4 are

!load 'is the total load currant. It Is shown in a

OMpanSIon paper that the 4nergy delivered per pulse a - /-coa(, 0 /2) 1)

to .*ach flashlamp is gIven by .  A. - LoiLni. - I (3)

It fM i t joules (2) Ak is defined as rhe flux compression factor. Again.
.1=P 13p

using Equations , and 5 and Integrating :he resis-

where Z: is :he half vid:h of :he pulse. i is a tive power dissipated in :he flashlaps, cite L11S of

vaveshape factor, I Is the peak current per lamp, Equation 3 is liven by

and Is the I=psdznca constant of the lamp (-87.5

m-a p* per *"=p, 1.5 Oh1-p" for series pair). kfat) - Z. :o5 1 %: (9)

Ef :hs anergy delivered per pulse, peak Lamp zurrenc, uhere S is a constant of Integration which depends

and lamp impedance zonstant are specified. then the on ., 0'Ao' and A.. A typical value of S is 0.255

4impulsator must be designed to provide the proper for a four pole achine wlth )o - -0.29 and a tlax

cur:en: aveshape. compression factor A. equal to 14. The angular
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velocity of the rotor w car. than be plotted as a =acinize delivered energy, the minimau inductance

function of d' amter to provide the proper pulse Lmi n mast be reduced as far as possible. The factor
width if the flux compression factor Ak is known as Ak is chosen to match the desired pulse width and

a function of machine diameter and number of poles, peak current and is selected based on tradeoffs

A typical curve is plotted in Figure 3. including mechanical stress in the alternator,

external switching requirements, and impl2ifer gain.

.,,W Conceptual Design
- - - - -- - - - --- Assuming a rotor diameter of 1.02 m and a rotational

* speed of 2800 rpm irom Figure'3, a conceptual design

I .of a compensated pulsed alternator was developed.

, It should be noted the: the final alternator design

and flashlamp configuration hays yet to be froztn.
' ...... * However, this one design does indicate the type of

machine used to drive multiple flaahlamp circuits

-that are anticipated. The basic generator perform-

a , A , ,1 , , . .6 a ance parameters are listed in Table 1. A sectional

1.*, view is shown in Figure 4.
Figure 3: Flux Compression Factor and A,.ular

Velocity versus Rotor Diameter for Table 1: Compulsaccr Parameters

Flaahlmp Load

Assuming thamt the maximum allowable tip speed for Number of poles 4

thi rotor is 150 u/sec based on centrifugal forces Rotor diameter (a) 1.02
acting on the air gap rotor winding, the diameter Rotor tip speed (masec) 150
of the rotor is found by the intersection of the Angular velocity (sec "')  29

angular velocity curve and the constant tip speed Flux compression factor Ak 17.6

curve. I: can be seen from Figure 3 that a 1.012 a Open circuit voltage (kV) 10.3
diameter four pole compulsa.or will drive the No. of rotor conductors 23

flashlanps at a peak currant of approximately 4500 Armature resistance (WI) 5.5

amps par circuit and a pulse width of 500 usec. minimum inductance (0) 8.6

Effective air gap (m) 4.05

Flux Compreasion Factor 4

The factor A. scales as (:/g)" whcre & is the Magnatic air gap-main field (.) &.3

effective air gap between the windings and i is Field .HF/pole (kA-t) 105

:he polar pitch (%D/ p). Therefore, No. turns/pole 28

Field current-pulsed (kA) 3.76
A. n (-) (10) Field power/pole (kW) 11,

Since the ratio of effective air gap to diameter Outer diameter of back iron (n) 2.51

does not scale lInearly, the compression factor Ak  Shaft diameter () 0.32

gennrally increases with diameter. Ak decreases Shaft length (n) .8

with the square of the number of poles. Other Total mass (metric ton) 87.6

factors which influence Ak include system voltage Inertial Energy Store (Wi) 108

(insulation thickness), radial build of air gap

conductors, mechanical gap clearance, and pole System performance parametrs are listed in Table

construction (laminated versus soliu). To 2. The tabulated case includeb realistic modela for
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the Lgnitron switches, includes the growth of the alternator matched to a specific flashlaap load

plasma diameter from startup to full bore, and typical of the lamp characteristics anticipated for

uc£li:es capacitive assist startup as described in NOVA has bee, presented. Final selection of the

the companion paper. flashlamp load and altmrnator p.rameters are yet to
be made, however, pending results of an engineering

prototype test program.
ILO OIL-% SAK n
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20.4

A COMPACT 5xlQ 12 W/SEC PAIL-GUN PULSE FOX A LAER PLASMA SH!UTI'X*

L.P. bra.1ty, E.L. Otham, and I.F. Stovers

Lawrence Livermore 1..boratory
Livermore, Califonia 94550

ABSTRACT

We have developed a rail-gun plasr.t source to •

produce a plasma of 102cma1 parti4le density ad

prcoject it with a velocity of 3.9 cm/Us. This

device will be used in an output spatial filter

of Nova to project a critical density plasma -

across an optical bes path and block laser retro-

reflected light. The object of this paper is to .-

describe the design of a pulser appropriate to the '.."

Shiva laser fusion facility, and to describe the

prelimnary design of a higher current prototype Fig. 1 Plasma shutter experimental configuractin

pulsar for Nova the laser fusion research facility

under construction at Lawrence Livermore Laboratory.

*Experimental Confituration for the Shiva Gun W

The experiment is contained in a multipart vacuum

chanber configured as a 20 ca aperture spatial

filter with fMO optics, as shown in Fig. 1. The

wire which foras the plasma is located near the

focal point of the optics, as shown in more detail
in Fig. 2. The 3 mi long, 127 us diameter alu-in-

um, wire is located between two electrodes in a PA"e0W

1 cu deep, 150 um wide slot in a dielectric Fig. 2 Plasm sun geometry
material. The slot constitutes a nozzle to con-

fine the plasm during heating and to direct it
across the optical bean path into a dump tank. S, 0.22 V" capacitors is connected to the trans-

Such a geometry increases the on axis density and mission line by 6 independent switches as shown in

reduces the leakage toward the optics. Fig. 1, and more detuil In Fig. 3. .7he switches

are midplane triggered, uv illuminated spark gaps
1

The electrodes are connected via a low inductance ratrofitted into Tachista 501 switch bodies. This

parallel plate transmission line to the pulser. trigger configuration is similar to that used in

The pulser, containing 6 parallel Maxwell Type the Pulsar SW5OK gap, but provider lower net in-

ductance. The trigger is fed through the trigger

*Work performed under the auspices of the U.S. Depc. pin and first arcs across to the illuminator which

of Energy by th3 Lawrence Livermore Laboratory is connected to ground via a current limirtng re-
under cont-act no. V-7405-Eng-48. sistor. The small gap preilluminates the main gap
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conceptually distinguish two phases that dominate

the plasma acceleration. A heating phase occurs

near burst when the resistivity is high. There-

after a JxI force increases the plasma directed

velocity. By tailoring the current ;ilse history,

we can to some demire separately control the

plasma taperature and net plasma velocity, and
L% thereby select both the divergence and closure

\-T W"time.

Experimenval Iesults

ig. 3 1 n jitter, low inductance switch geomety The plasma velocity was detemined by using streak
camera photographs and a Faraday cup located 39 cm

and sharpens the trigger rise time. This provides from the wire and axially centered on the plasma

nanosecond jitter with a rounded triUer pin and axis. Ziporimental results and a code 2 prediction

is not sensitive to erosion. An equivalent circuit for 20 V charge voltage are sumarized in Fig. 5.

(common also to the NIova pulsr) is shown in Fig. 4. Such correlations of data and prediction reflect

the present level of design.

I:: IMA
Tnv -"a I

, I 
-

O
-

A - °ft

Fig. S Xekasured and calculated plasma velocity 0=
The pulser when charged to 50 kV provides a current

rise tine of 5 x lO "a/Nec. Thee a in spark gaps, n ova Pulser Design

when triggered with a fast rising trigger pulse, We require a critica. density plasma to obscure a

provided nanosecond jitter and hence excellent 6 me dIamter region with a cloning velocity

turrent sharing of the parallel zaps and synchro- approprisa to a shutter to target distance ofIeniatlon with t.he laser and diagnostics. When 40 m. We conducted a parametric survey with the ---
.:onnscted to the ri ncluding the large feed- code to establish the prototype characteristics.

through inductance, the -urrenr has a quarter We constrained the design such that all capacitors

.eriod of 300 ns. and switches at be standard elements within the

state of the art 3nd were t.hus n le :o concentrate

Aff-ect of . onlinsar Load on improving these elements to cnsure reliability. =

Initially while the wire Is inertlally confined,

heatlng Is resistive and follows a linear temper- Tha prototype design contains 8 parallel 0.66 uF,

atute variation. After burst, the resistance is 20 nHl 50 kV capacir.o'.s connected through 4 parallel

character~zed by a Spitner resistivity. We 10 nEl rail gaps via a coaxial 3 nEl vacuum feed-
NV_
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through to :he load. he total pulser inductance charge voltage, it provides mul:ichannel operation,

is 10 nil. This design is shown iso2trically in a feature which is somewhat insensitive to rail
Fig. 6 and in cross section In Fig. 7. The equi- &dpt sharpness, thus tending to maintain reliabil-
valent circuit Is shown in Fig, 4. A logic signal ity with age. We are presently testing electrode

is amplified by a Pulstpak I0A and transformer. A materials including low lead brass, Schwerzkoph

coaxial two stage Marx using the switch shown in X-5 tungsten, ad ?oco A75QC and ACTIOQ graphite
Fig. 3 provides an output of 100 kV rising in 8 ns to reduce erosion and most Importantly to minimize

to trigger the rail gaps. prefire.

*~cW 0vc f,.,meS m

Fig. 6 Nova plasma shutter geometry 046MM-

Fig. 8 UV preilluainated rail gap

The 0.66 UF, 20 kV capacitors developed by .laxwell

for this application are similar to the Catching

.. ... type, and have a plastic case vith a parallel rail-

- ) header. The internal construction is similar to
the proven Sylac capacitor. Internal inductance

-. is 20 nH and the expected life is 106 shots.

U .The dielectric is a semiconductor coated poly-
.-- urethane elastomr being cast in the shape required

FI. 7 Plasma shutter pulser cross section for the coaxial feedthrough. The effect of surface
corona is minimized by employing a semiconductor

The rail gap shown in Fig. 8 has semirogowski coating; the uncoated polyurethane minimizes

electrodes and a long graded trigger blade. The tracking under switches and capacitors. Its

trigger pulse is fed through a peaking gap on zhe elastic behavior will restore its shape and In
end with Its spark located on axis with the rails, particular its contact with the conductors after

thereby preilluminsting them. The switching gas magnetically induced deformations. The coaxial

is 20Z SF6 and 80% Ar. The function of the uv design minimizes the number of high voltage edges.

produced primarily in the argon is to provide free

electrons and macastable states in the main gap Th2 pulser Is housed in an electromagnetic shield

region. These electrons help in initiating and filled with atmospheric pressure SF6 . Two
avalanches and streamers, and also cause precise trigger generators located in the shield provide

closing3 of the streamer. A segment of the Nova via separate peaking gaps a redundant trigger

pulser has been extensively tested and character- pulse to each blade.

ized, and provides nanosecond jitter. With the dc
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Conclusions

Ve have developed and are continuing to develop

reliable, low inductance, high current pulsers

havinX nanosecond jitter. All spark Saps use uv

pr eillusination to pulse sharpen the trigger, to

mininze Jitter, and to miniuize the effect of
electrode erosion with age. The systeta ato co-

axial to minimize inductance and edge effects. A
smiconductor coated alastover dielectric inimiz.es

surface corona and tracking. These pulsars are

utili:ed with a rail-gua to propel, a high density

plasma to a high velocity.
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20.5

FAST RISING TRANSIENT HEAVY CURRENT SPARX DAMAGE TO ELECTRODES

ALAN WATSON

f'ept. Elec. Eng., Texas Tech Univ. Dept. Elect. Eng., Univ. of Windsor

Lubbock, Texas 79409 Windsor, Ontario, Canada

Abstract

Crests of displaced metal have been observed in radius increases as the square root of the current,

rings beyond the crater produced on electrodes independently of the pulse duration. Sinificantly,

by shot: duration (10-100 ns) heavy current sparks there is extrmely little visible depression of

in a variety of dielectric media. Metal is pre- the metal level within the damage ring.

sumed to have melted and flowed radially, the

hydrcnagnecic forces supporting a standing canal Investigations of spark damage in vacuum have

wave which is identified with the crest. Analysis revealed that in certain cases damage of a similar

shows this situation to be invariant under steady nature takes place (Figure 2). In addition, a

melting and the ring diameter is proportional to region outside the damage ring was found to be

:he square root of spark current, as measurement covered vith molten droplets adhering to the sur-

verifies. Erosion is proposed to occur by the face. Further data from pulsed discharges in

breaking of this crest or by its removal under the vater and oil show the sam characteristic damage

action of electrostatic forces, in accord with ring for various metals.

reported experimental data.

ne feature in common with all of these discharges

is probably that the current pulse was fast rising.

Introduction In vacuum this is not always the case and the

in the course of experience with high pover flash indidence of such damage is less frequent. Replicas

X-ray machines* it has been observed that e)*c- were made and microphotographa prepared of damage

trade damage from heavy current switching sparks sites on flash X-ray machines for a wide range of

appear to have some features in common. In a calculated currents and pulse durations. In Fig. 4

current range up :o about 250 kA lasting for 20 to the crest radius on stainless steel appears to

70 ns in high pressure gas each electrode displays vary as the square ruot of the spark current so

a crest of frozen metal in a ring around the site that I/r2 - 1.5 x 1010 AM"2 .

which was struck by the spark (Figure 1). There

is a small crater at this spot which corresponds A mechanism sufficient to explain these phenomena

in diameter with that to be expected fcr a heavy must. therefore, be independent of the type of

current spark channel expanding for the known discharge and more reliant upon the electrodynamics

duration of the discharge. This is surrounded by of the current growth within the electrodes. The

a flat undulating expanse of metal which had purpose of the present work is to describe such a

obviously been molten and which extends beyond the mechanism and to throw some light upon the elec-

:rnst already mentioned. Tha radius of the ring trade erosion process.

has been measured in three cases for which the

current was calculable. It appears that the *Ion Physics Corporation models FX-15, FX-45 and

FX-100.
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THEORY OF .'HE MCH. zsM Au- h curl h )

Hvdrosasnatic Flow vufph cur I /lhZ (2)

No initial account will be caken here of spark where h is the pool depth.

channel expansion and it %rill be formalized simply Hence the vorticity vector lieu paallel to the

as a fixed conducting cylinder produced instantane- magnetic field lines while the fluid velocity is

ously between two high voltage electrodes. Cur- parallel to the curreac denjery. It follows

.Inc, however, cannot be established entil magna- moreover that the elf.ctromagnetic body force 7 x

tic flux has penetrated into the conductors. The Is equal tN ph* inertial force -pZ x ; which

channel conducctivit7 Is such less than that of the exists by virtue of the vorcticity everywhere in
electrode matal and diffusion into it is therefore the flow and the mouentt equation reduces to the

rapid enough to be considered Instantaneous by hydromeagntc form of hrnoulli's equation. It Is

comparlson. necessary now, however, to explain the origin of

?rogressive flux penetration into :he electrode vorticity in the flowLig pool of metal.

surface vill cause melting because of the accowpa- There viii be a discontinuity in the fluid entropy

nying resistive power dissipation. Elecgrosag- in crossing the liquLd-solid interface due to the

netic forces also act normally into the electrode change in state. This interface is the limiting

surface, but decrease in strength radially. Since streamline for the flow and so according to Crocco's

the liquid surface layer tends to 'freeze in' the theorem of fluid mechaaics (2) there will necessar-

ragnetic flux with a radial electromagnetic pres- ±ly be a corresponding jump in vorticicy from zero
sure variation, a steady fluid flow vill develop in the solid pa a finite value vithin the flow.

in such a manner as to neutralize this. .4e*lecting viscosity, Xelvin's theorem indicates

The problem can now be formulated as that of that the vorticity will be invariant within the

determining the hydromagnetic flow pattern of a pool. KlviA's theorem of conservation of voriticty

fluid with a free surface flowing radially out- can thus be applied to the pool flow. The vorticity

wards across an a:imuthal magnecic field, as shown w is given by -du/da and since this is fixed

In Figure 3. HydromaSnectic flow will be con- Averywhere it can also be written as u/h. By

siddred radially zross an azimuthal magnetic equating these terms it is seen chat the velocity

field distribution for a disc of conducting fluid will decline exponentially from its value u ac .the

of non-unIform depth h, but with a free surface. free surface to zero at the liquid-solid m4tal

There ts no indicacon from the conditions of the interface.

probltu that melting occurs to a uniform depth. Power is dissipated at a fixed volume rate which

A:Luchal sy=et:y will be assuned so as to reduce is absorbed in maintaining melting. The Lorent:

the problem to two dimensions, field given by hB is equal co J/a and J can be

7lux transport into the =bile pool is determined represented by I/2vrh. - H/h. Thus itc follows

by equating 3-3/t with the rotation of the over- that i declines exponentially with depth and hh

all electric field strength given by curl(c' 1h l/uo - n and the floor must therefore recede

x 3). Beneath the =elting floor there is no according to the expression
2

Lorent: field and flux is transported by diffusion. h - 2 i t. ............ .. (3)

A: this Interface there must be continuity in The Axponential variation of u and H within the

A3/3c and this will be achieved if :he Lorent: flow follows imediately from the simultaneous

ftold is irrocacional. solution of (1) and (2) which are in turn unlied
to one single expression if

A flow solition relatIng u and it must satisfy this to o sin . . . . . . . . . . .if

aondition, and the following relationships will be
shwn to ba adequate for the purpose of describing At any annulus of the pool the current density J

p
the flow over an anode surface as in Figure 3. flowing through It is given instartaneously by



I p/2rh. (Where tha subscript 'P' refers to the of the fluid and the gravitraticnal, acceleration.

pool). A radius : may be selected for whicrh I - ly analogy here the force acting down into the pool

(r/h) I which clearly permits J1 to be represeted per wnit imesa is J x ~io and this has been shown
p

*by 1/2zr. :o be equal to the inertial Acceleration - x

The pool current I? must be employed In calcula- Fudvlct etr ait rmteacro

ting the Ohmi power dissipation in a cylindrical and terminae upon fro* vortex rings on the moltan

annulus of the flow. Thil is equated with the interface. As melting proceeds, these -.INS* Are

power absorbed in melting at the rate i, which in stretched ad give rISA to the Accelerating force

*turn is eliminated using the equation of the which replace* gravity in this analogue of tidal

screamline, ;/h O ur. Hence waeato.Tu
' 2

(I (h/r)) (AzMoch O~r . . .. lp (/~h?/)(/ ... .(l2

in which ur must be cccstant to ensure incouprese- Since U *u/h it follow that c - 4U add a tidal

Mbe flow of the fluid. Thus, since u a dr/dt the disturbance propagated inverds towards the arc

flow obeys the rule that r 2is proportional to t toot aloag the surface of the outwardly flowing

just like h 2and their ratio (h/r) is hence invari- fluid will give rise to a standing crest. It

ant in time. Equation (5) readily reduces to remains to derive a relationship between the

dr/2 dt - 2ri(uX 2/oA) and by comparison with (3) location of this crest and the current flowing In

then. the arc. This is accomplished by evaluating (12),

(h/r) 2.0.040).........(6) making substitutions for each of its terms usin%

*From (1),.2) (4) the vorticity and current () (1())hu

density are related, the latter beig furthar Ip /r0 pT/

given by (5) so that The ring defined by the wave crest divides the
1~. -114

0~/0)43 rn (A/n) (lHM2IM - (A*/n)u . . . . (7) flow into two regimes. Outside of it the pool

and since u - u/h then conditious referred to in the analysis so far will

*h - nhA .. .. .. ... ... . ....... (a) pertain. Only in that region can therk exist a

Within the molten pool hat is transferred by flow together with a propagating wave because ur

conduction according to is constant, aMd a radius exists within which u

K 7 2 T - Ps 3T/;t - J 2/0 - M2 /h 2 9 exceeds c. Fluid flows out from the Inner region

At the molten interface the temperature Is fixed and acculaces in the crest so that an 1;pard

at the malting point Ta.. When the floor recede. velocity component is acquired in that particular

at a Vatej3 (A) acquires an additional driving annulus. The Lorentz field due to this will drive

termV xh x3) o th riht and ideandrhea current density through1 the annulus in opposition

expression reduces to to Ui. supplementary current mentioned above and
'1 i/t* 1/ I)h 2.  . . . . . (0 in passing through the wave the current Is restored

In te moile efeencefram ofthe loortheto the measured value 1. Thus the pool current I
* Inthemobie rferece rameof he foortheshould be replaced by I in (13) in order to calcu-
Lorent: and Ohmic fields neutralize each other as late the crest radius.
stated, and curl E - 0 so by Faraday's law H isAcaultohsbenmdfrm(3frsaies
constant and the last equation shows that itAclcltohabenmdfrm()frsaies

decays exponentially. At the Interface the steel electrodes using values of resistivity as
and thermal conductivity K for stainless steel at

constant value of HI w H3' is given by comparing1000Csnetec iuswrehebtavlbe
0 ( 9) and (10) above which are equivalent if 100Csne0et~iue eeteba vial

H 2 CK .. .. .. .. . . 11)although 2the melting point is 1800 'K. The result

M gave I/r , 2.90 x 10 10An 2 which is in reasonable

The Hagnecofluid Tidal Wave agreement with the measured value.

The square of the velocity of propagation. C, of a Conclusions
tidal wave is given by the product of the depth h The electrode d=azge mechanism is thus feasibly
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deaostmratd but Lt further suggests the way Lm *i tee(

which erosioa occurs. CurticluLng growth of the

crest would inevitably lead to breakup of the wave

ad splashing of the droplets on to the oppoiting L r -

l4c::od. as shown in Fig. 2. zacipi.nt droplet

format~on see. to appear in Fig. 1. which show .

cusps of metal an the crest which are distributed '

around it as though a flute InstabL lty had

4Aveloped. - -NW

xefarence

1. Ferrsro, and Plumpton. "AA Zntroduct~lon to -FIgure 3. Schematic diagram of the =Iraen pool
M'sgntm-P'?luid €tchAeics" Oxford U.F. (l961). shoving current flow towards the arc axis an the

2. .til.e-Thosson, L. X. "Theoretical Xydro- center line and the hydromasgmic body force.

dynsaac"s (tth Zdition) Iactll&a (1962). A specific iortIcity appears according to

Crocco's Theorem at the molcn floor as t

recedes, &&d the inertial and hydromegnecic
body forces are equal. This body force drives

a tidal Weve along the free sUrface a41nst

the flow, producing a standing crest.

1.0 -

FLgure 1. DatAgt Fro* a 5.5 X4V SpArk -

Output Zopedance - 57 n

Estimad Current a100 ka

Discharge DuracLon - 25 nsec aa

ew A

". "*,; . * -. IJCT 1 1~'- * .ICITIMAICS SPANKCB f)t

*3IP
• : " i- ~Figure A. Scale of Damage as a

,unction of Current

%&gure 2. Vacuum Spark Damage Showing Metal

Globules Around Molten Area



475

21.1

i?(TLULIKE OF $OU1IFOL't LI'UXAL (AGNETIC 7ILDS AM AiGODE-CATHODE
SHAPflING ON MAGMITC INSULATION IN COAXIAL TANSMISSIO. LINZS

MICIHAEL A. MO ,SOM

Intense Particle Isax Theory Group
Lot Alamos Scientific Laboratory

Los Alamos, Now exico 8755

Abstract
Coaxial transmission lines, used to trans- with a uniform external alnetic field. We

fer the high voltage pulse into the diode
region of a relativistic electron beam gener- are, therefore, in the process of addressing
ator, have been studied using the vo-dints- the following tbree questions: (1) What is the
sional time-depend4nt fully relativistic and
tlectromagnttic particle simulation code CCUK. ismpedance of a straight coaial tran:mission
A simple theory of magnetic insulation that line with a uniform external magnetic field;
agrees well with simulation results for a
straight cylindrical coax in a uniform external (2) in a tapered coaxial transmission line with
magnetic field is used to Intcrpret the effects a nonuniform external magnetic field. whst is
of anode-cathode shaping and nnunifom exter-
al agnetic fields. Loss of magnetic insula- the proper cathode shape relative to the exter-

tion appears to be minimized by satisfying two nal magnetic field lines; (3) What constraints
conditions: (1) the cathode surface should
follow a flux surface of the external magnetic on the Impedance profile along the transmission
field; (2) the anode should then be shaped to line minimize the loss of magnetic insulation?
insure that the magnetic insulation impedance,
including transients, is always greater than These questions are beiag studied using the
the effective load impedance berver there is two-dLmnhional timt-dependent fully relativis-
an electror flow In the anode-cathoe gp. tic and electromagnetic particle simulation

code CCUIZ 6 and simple theories. PreliminaryIntroduction
results are given below.

Elsewhere in these proceedings, Hike Jones

has described both theory and simulation of

foilless diodes. The arhievement of high S

voltage (> 5 MeV), higi current density An analytic theory of magnetic insulation

() 500 ka/ca 2 ), laminar electron beams by such in a straight coaxial transmission line with a

diodes appears at present to require external uniform extel1 axial magnetic field 0  1O0

magnetic fields on the order of 100 kg. The appears to require some further simplifying

fringing fields from the external magnetic assumption or approximation (e.g., ignoring the

field coils will flare out to low values back axial self-magnetic field or imposing some

in the coaxial transmission line feeding the relation between radius and one or more veloc-

diode. Also, in this sam fringe field region ity components). The choice of such a simpli-

the transmission line anode and cathode radii fying approximation can perhaps be suid-'i by

may taper dramatically in order to provide the simulations, but at the time of writing this

proper transition in impedance and size between paper, only the simplest possible theory has

the diod. and the insulator stack. However, bern completed and compared with simulations.

previous theory 1- and simulation of transsis- This theory first involves generalizing

sion lines has dealt only with straight coaxial the critical current calculation by Creedon4 to

transmission lines And no external magnetic include the uniform external field BO. The

field or with parallel plate transmission lines result is



in C V - aTVl Thus, maximum power flow tequirts an electront
I ) [ - . (1) current distribution that minimizes the cttsl

line current IL' Furthermore, the existing

where To 1 2 R cc/pot 6500 A, y SI t tVO/moc theoocsA witk 3 0 0 all have very close to

with V0 the anode-cathode potentisl, U a O1o/me, the same value for the minium IL Finally,

and A And b are respctively th cat'Aodo %ad this value agrees well With simulation

Anode radii. Our simple theory involes assue- steady-state magnetic Isu-

ing a relation between I cand he 11tual total lation current over A wide voltage ranse

current 1 . flowing in the trasnsaissits lis, (1-20 NIV), and this value is alvays approx.-

Our motivation foc this assumption stem metely 1/0.32 larger than the ct 'tical current

from existiag magnetic insulation thcory t  k 1 c ).
straight coaxial transmission lines with I. Z 0. Thus, we tahkr the steady-state maga-tic

In all of these teories a free poarer insulation currnt to be 1 X I C/a even wAtr

exists. One possibility is a continuum of a0 it 0. The corresponding steady state a&-

magnetic insulation states correspondinA o netic Insulation Impedane Z U VO/! is then
different condItions on the electrons in - - ,
regions where there is a z-vaciatioL along thn I ;OFl/ - cI2 (li
transmission line. Another possibility is a Z0 0  /L . 1 \(6/

previously overlooked general principle which
would allow the electrons to pick a unique where Z0 A 60 n rn(b/s) is the vacuu coaxial

insulaton state. e believe that the latter transmission 1W'.- impedance, V0 Is the asnda-

is more likely in a transmission line and that cathode potential, and a X 0.12 1 0.01 is deter-
the general principle involved is saximization med from a fit to simulation results. As

of the entropy production rate. This trans- I increases, however, I -. 0 while we know
lates into maximizing the power flow since in a € . Nence, Eq. (3) C3n be Correct oRly
transmission line the terminating load L - for suffiriestly sMsall 30 or large Y.. This is
dance is equivalent to a resistor.* If the 4eonstraed in Fig. I where Eq. (2) is used to
impedance at the Input to the transmission find VX V with Z . obtained from Eq. (3),
line is -Z and the incoming (or right going) Vis fixed a either 1.5 1eV or 6.11 ,1eV,

voltage there Is V1 9, then the voltage VL Across Z 2 Z0 -37 , a z I cm, and b z 1.853 ca. The

%he line is agreentut between simulation and this simple
theory, especially at high voltage, is suffi-

'I Iz L cleiat to help design and interpret the results

of the more complex simulations described next.
where ZL I VL/' L is the line impedance and IL
is the total line current. The transmitted Field Line Orientation
power P I VL IL = IL(2VI - ZI L has a maximum The next simplest configuration one might
S L = VJ/Z1  and decreasex for higher cur- try is a straight coaxial transmission line

rents. If one Includes the effect of insuls- with a notoniform external magnetic field S.
tion loss at an impedance rise, the total or The results are indicated in Fig. 2. Here 80

effective ZI tas viewed from the line) Always increases from 0.5 kg to 100 kg in a length of
satisfies ZI Z ZL which implies IL Z V/Z 1 . 60 ca with a = I cm, b = 1.853 cm, and

".1ote that this power flow argument cannot In VI= 6.14 MeV. The magnetic insulation Initial-

general be applied to the operating character- ly proceeds about the same as with 30 = 0 until
istics of a diode because a highly ordered the position is reached where 30 *, 20 kg.
electron beam is not equivalent to a resistor.



Electrons emitted in the weeker field regxoa insured that only a slight, transient insulation
cannot pass this position but rather to to the loss occurred. The discrepancy between this
anode. Electrons emitted in the higher B0  case and the to #/ 0 case (Figs. 3 and A) might

* region acquire a negative z-velocity and also be interpreted by saying that CoPletZ magnetic
go to the anode (for a total current loss of insulation requires ZM(z) Z ZT  wherever
40.) thereby reducing the actual operating ZM() C ZO(:) due to the electron flow, where
Impedance by an additional factor of 1/2 over ZT is the teminating or load impedance. Other-
Eq. (3) with l z 0. The negative vz of the wise, there will be some s.teady loss of inaula-

* electrons in the high 3n region is due to the tion in the region around the absolute minimum
strong V0 a ! . force overtakinS the -v r x BO  of the impedance.

force as the a0 field lines converge toward the This would explain the insulation loss in
axis. Clearly, one should avoid having a com- Fig. 3 because Eq. (3) Cives ZM) % IT only up

ponent B t I evI/e of I0 perpendicular to the to near the straight section where Z0 a

cathode. Xar the start of the straight section (where
Thus, the next conflgur.,tions tried have so is still tmll) Z" , Z0 z ZT, and as we save

cathodes that follow a flux "Arfzce of so. In into the high C0 region the electrons are clamped
Fig. 3, the cathode is shaped in this fashion to the cathode and Zd rises up to Z0 Z ZT.
until the straight section is reached where 1 the explanation of the small insulltion

continues to increase from it kg to 80 kg. lost in Fig. I. is more subtle because the
Also, the anode radius drops linearly from effective load impedance Z,(z,t) diffors from

12.85 ca to 1.85 cm while the cathode drops 2T due to the rise tine of the high voltage

linearly from 4.4 cm to 1 cm, and VI i 8.35 MeV. pulse. Using the teletraphers equations, with
There is very little loss of insulation in the the subscript "T' demoting measurement at the

tapared section, but approximately 30%. of the teminatinj peaition zT, and assuming a sal
total current is lost to the anode in the time derivative VT, gives

straight section. In Fig. 4, the cathode is

shaped to follow a over the entire length of ZE(z't) VT , TfZo(z) -_ I r t
33 a where goes from 2 k to 80kg. The a I + .0 z I (E)
anode tapers roughly linearly from 23.6 cm to

2 cm while the cathode tapers as shown from
8.4 ca to 1.2 cm, and VI = 8.35 1eV. Once For our case 0here Zo Z) • ZO(T) and
again the electrons emitted in the low B VT Z 0, ZE(Z't) Z ZT. In spite of this, for

region cannot pass a critical 30 position (here the case shown in Fig. t, eq. (3) gives
when Do 3.5 kg). However, the current loss ZH(z) ZE(z't) and yet there is still s
to the anode is only about 7%, and it is spread small loss of insulation. The problem is that

over about 1.5 c (along z) for a current in magnetic insulation there are transients

density of less than 0.1 kA/cu2 .t the anode where the impedance ZN(z,t) drops (by as much

surface. In the next section we offer a pos- as 30%) below th2 final steady state value

sible explanation for this loss. 2H(x) given by Eq. (3). Indeed, in the loss

rtgion shown in Fig. A, measurements indicate

Impedance Revisited Z1(zt) < ZE(zt) by about 7*%. Furthermore,

In the shaped transmissieon lines described once this loss region forms (due to a transient

above (Figs. 3 and 4), the vacuum impedance where ZN < ZE) and propagates to the high B0
Zo(Z) monotonically decreased by about a factor regiou (where Z. rises to ZO ) it appears to be

of two with increasing axial position z. In difficult to tet rid of. Thus, complete magnet-

simulations with B0 = 0, this impedance drop ic insulation sees to require the stri-ter con-
dition 2N(z.t) k ZE(zt) wherever z(W) < ZO(z).



Tet r.ti ve Conclusions

Mi nization of muatetic insulation loss

Appears to require two conditions: (1) the

cathode surface should coincide with a fu 0.9.-,

surf-ice of the external magnetic field 3 at *15

least until aO << a v /v; (2) the vacu 0

the rise time VTI T sould be sufficiently long -3. 0I .impeanceZ0 (z •hold dop sfficentl.an

that N(Z,t) t ZT(z,t), including all tram- -.0 * -. 1
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21.2

MITL A 1-D Code to Investigate Electro-,% Flow Through N~on-UnIform yilid
* gagion of Magnetically Insulated Transmission LA~nesO

E. L. k4au And J. P. JanJ~tvender

* Sandia LAbotatories, Albuquerque, kve Mexica 87185

Abstract Description of the Problem and the Approach

Self-magntically insulated, high voltage transais- -he rectanguL.r geometry ised in MIT!. is appro-
sion lints are used in inertial confinement prixae to triplace type transition sections and is
fuxion particle Accelerators to transmit power ..aown in Fig. 1. The effective width w of the

*from the vacuum Insulator to the diode. Injection lines perpendicular to I adid t X i, and the con-
and output convoluted sections post special doctor stiparAtion d are variables that specify the
preblma In establishing the desired electron flow geometry of either the Input or the output cr~snoi-
pattern needed to maintain high overall efficiency. tion section. Time Independence is Assured in
A time Independent, 2-0 numerical code for planar MITI. since the transit time through the transi-
or triplate geometries calculates the motion of a tion sections are typically A few nanoseconds and
test electron through the tapered input or output are much shorter than the pulse duration. Electra-
convolutes. The 1-0 parapotential model Is assumed magnetic fields within the magnetically insulated

*to be appropriate at each position and the magnetic lines are calculated on the assuation that theh 1-0
field and potential distribution cre calculated parapotential equations derived by Creedon5 are
in the vicinity of the particle. The electric appropriate for each position In the 2-D convolute.
field is then calculated from Gauss's Law, and The Justification for using the 1-0 patapotntial
the electron motion La calculated relativistically. model is two fold: First, the scale length for
The results show that the electron canonical mooen- the geometry variation is long compared to tha
tun in the direction of flow changes as the elec- separation between conductors so the flow is
tron passes throV.~h a convoluted geometry. As Approximately one dimensioaal at each position.

* shown by Mendel,- these electrons flow bti'een the Secondly, the parapotential theory Adequately
conductors after the convolute without re-inter- describes the relationship between the total cur-
secting the cathode. Us hypothesize that these rentt 1T' the boundary current Is inside the
electrons lead to the losses observed In long negative conductor, and the voltage V. for a givan
self-magntically insulated hoseg. Results of line with a vacuum wave Impedance Z .' Thea Are
calculations are correlated with results of the ment with 2-D a ectromagnatic PIC shmulatia
Pite power flow experiment. 3  and experimentsil is within te numerical and

experimental uncertainties respectively. The
Introduction electromagnetic fields from the 2-D calculation6

for a Hite lMe line at 2.!. MV with IT- 450 kA
Transition sections Into the magnetically insulated and 1 243 kA In a coaxial geometry with
transmission lines can excite an apparent instabi- Z . Irfl, have baen compared in Refs. 6 and 7, and

ty in c a electron flow within the transport t~o agreement Justifies the ust of parapoctntiAl
section 'and cause severe energy losses. A theory in these calculations.
numerical. time independent 2-D code, MIT., has
been written to investigate the effects of these

* transition sections on the flow pattern within the
transport section. The code is used to exAmint
the input transition in the Mite experiment. I

The results suggest that the input transitions pro-
duce electron flow in which the,,xial canonical
momentum P is approximately 10- kg-u/ls or 10-6
of that alowed in the line. The transitions thitc------ - --

produce broad canonical momentum distributions
F(P.) are correlated with efficient power transportMC
in the experiments. Those that produce narrow
distributions are correlzted with loamy transport RN ---- '

experimentally.

*This work was supported by the U.S. Dept. of Fig. 1. Transition section geometry in HML The
Energy, under antract DE-ACO!-76-DP00789. line width is specified in the Z direction.
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khe cest electron ts then injected into the con- The Initial value of X - X. is chosen fot each
volv:o and Its mo-on follovqd through the convolute calculation.
And Inco the uniforn self-maegnectcally insulated
transmission Line. Once inside the unifor line, The tctal current flowing throth a MAg~ncically

the canonical moment%= insulated line is given by

P? 70~Ux - tAA (L) I T 'a&-3in(-r 4. (7M - 1)1/21 + r 1 , (4)
(V-) -i

is a constant of its motion, where a is the *lec- V
tron rest mass, -o is the electron charge, U. i* --9 + 1 CS)
its axial velucity, Ax Is the axial component of 

0oC  a
the Magnetic vector pocential and where Y. is the value of V a YI cht edge of the

M( - t32 12 ) 12  flow pattern, and Y is given by he applied
-() Line voltage. The local Zine tonetry detet-ines

for An electron of speed U And c - 3 x 10 value of 60 U(x)
The ci= of its kinetic and pocentiAl energy is g .'" .'m ' (6)
also a constant of Its motion. Since the pcoblem o
is assumed to be electrostatic, ct energy is not The input parametert are the line profile u(x) and
changed by the convolute. However, since d(x) for each axial position x, the voltage Vo At
dLldx 0 in the coavoluce, then P is changed the anode for V - 0 ac the cathode, and the total
by .&Fi according co Lagrange's equation as the current 1, through the structure. for a iivtn
electron ooves through the convolute. Cons- posiin (x,y), the value of Y (x) is cjlculatd
quently, the problem is reduced to calculating Ax from Eq. ". The voltage V(x,y7 is given by
accuracely. Generally, the limittions of finite 1c

CAIL tIze at'd a ftnice number of particles in 2-0 V -. !C (cash Y* - 1) 0(T.Y <Y (74)
self-consistent simulacons severely limit the I
Accuracy with vhich a? can be computed. The or
nmrical noise is Avoided, at the expense of self- 3C2 yo(¥-Y Ya (YT-d)
conaiscency, by using analytic equacions for K and V -- • YC k Y Y'3 (7b)
. Withouc self-consistency the calculations are C

not. hovevec, quancicatively exact. The value of wh, r.
chese calculations is the insight they provide C, - dlazYa/lo  ()
into the effect of convolutes on the electron and
flow. ym - CL.n (Va C . 1)/21 (9)

Description of the Program vhere is the position of the sheath, Y_ is the

posityo of the anode and the cathode 
is at 0 i .

The program involves the choice of the initial can- The values of V at four postions equally spaced
ditlons fot the electron as ic leaves the cathode about Cx,y) are calculaced and the electric field
plasma in the convolute, the calculation of the is calculated from
elcctric E and magnetic i fields in the vicinity
of the cast tlectron, and the integration of the E VV (10)
relativistic equation of moeion as the particle
)rog:sses through the convolute and the uniform The local msgnecic field 3 3. is giver by
transmission line. Each feature will be discussed
and then the results of the Ucte calculations vll cc
b4 presented. : .- -a (-- ) -- < kla)

The test particles are assumed to originate in a AoIT
:achode plasma at a y coordinate y, 10-0 a, B. - - -- Y < Y t llb)
where the voltage is ( 0.3 *V and the magnetic "
vetor pocenciAl is A., uwich is calculated from The relativistic equation of motion for the
.he paraporencial theory. The initial energy of electrons is d
the electron is chosen beceen I and 10 eV to + CVeXU - -x CE + x ?) e.l)
simulate the effect of electron emission from a
few eV plasma. The initial particle energy deter- and is cobLned with the lo.sl electric ond
mines the absolute value of the elcctrons initial magnectic fields. It is th n solved using the
velocity U0 . The initial canonical momentum integration routine STFOIUP to find the new

2 T is assumed to be :ero, so inicial.y, particle poscion ,ind velocity conponents, within a
given error criterig, after a tine increment.

eAo The particle is progressively accelerated through
U - the transition and transport sec:ions of line for

a successive tine steps.

(3)
2 2 x Results

The Mite experi=enc3 ,  used tvo :ransition

geometries to change the gap spacing from 0.02 to



0.01 a in a triplate vacum transmission line with The emission current as a function of X0 is also
an effective vidth u - 0.50 a. In the first shown. Since the differential electron current
geometry, the transition vas made over an axial Ja(x) -AIlAX Is supplied from the cathodt, the
length of 0.01 a and 40 percent of the power vas approximate shape of the canonical %onentun dis-

lost between 0.50 and 1.4 a fro* the beginning of tribution F(P x ) can be approx ted by
the uniform line. The second transition vas made
over an axial length of 0.14 = and the power trans- I J1. (( )}

port us About 100 percent efficient. Thas two F(?X) =
geometries wre staulated with typical Mice par&- a X
=ters of Vo . 2.j m, 14 - 0.4 1A. which is shown In Fig. 6 for both tapers under the

assumption that the initial energy Va of the clec-
The efcect of having space charge in the vacuum gap trons is 10 eV at the cathode surface.
I: illustrated in Fig. 2. The equipottntiuls for
a I cm taper are shown for the Hite parameters of
V and IT, The position of the edge of the
eectron sheath is Y and is shown. The effect
of the sp charge Is to produce a positive Ex
near the cathode and to distort the di-tribucion
of Ey and I..

%

N Fig. 3. The electron current I. and the clculated
" . ,-c.ission curren: per unit length for the

0.14 a long transition is shown.

tA A
i - * %. . . . .

1 a. . 4 OA 0.1 1.0 1.2 3.4

Fig. 2. Effect of space charge In vacuum gap of
1 cm long transition is shown. The dotted
lines are equipotential at 200 kV intervals
and YZ is the electron sheath position.

For the severe 0.01 a long transition the distor- 0 0
tion is not very large. The maximum value of 10 12 12 13 14
r /(V /d) is only 0.005 for the 1 cc tper and is X (10-2 pj
much less for the 0.04 a and 0.14 m capers. Con- 0

sequently, the affect of the convolute on the Fig. 4. The final canonical momentum P. and the
electron motion is small and must be calculated electron emission current J vs. the
tha y small relative and absolute errors of initial electron position Xs for the

6: l0 . 0.04 m taper.

The current I carried by the electron flow increase Discussion and Conclusions
steadily as tte spacing between conductors is
reduced in the transition section, as shown in In both cases, the canonical momentum is negative
Fig. 3 for the 0.14 m taper. The final canonical and F(P) has a very small width. The spread in
momentum chat the electron achieves as it is P., is :l0o of that alloyed in the uniform line.'
accelerated through the convolute is shown as a The small values of P. obtained uith space charge
function of its initial position X0 in Fig. 4 and are much less than tYe values estimated from the
5 for the 0.04 n and 0.14 m convolutes respectively, vacuum fields alone.



The electrons with more negative values of ?
originale further fo the output of the transition
1section. The eifent of using a more gradually
tapered trausition ection I L t broadan the canon-
ical aooentum distribution. Since the ore gradual
taper bsa efficient pover propaaLtion, the results
indicate that a broader F(P x) provide more reliable
transport in long lines. m injector designed

such thAt J~ approximately equali a consuact
.1,"through a long trAosition section should be the

opcimm arrangement. Such a transitian section
will be designed and tested on the fAit experiment.

In conclusion, the simulations indicate that the
difference between the distributions 7(,,) for the
loesy and the efficient transitions is small but
significant. The results suggest a way to improve
the transition snd define experiment and theory
development tequired to explore the implications

3 ' .I ' ' ..___.. * further. The results indf.cate thez a. exper.Lant
to measure T(O ) for the ,ite transition sections

- should be capale of resolvi-ag the disctribuctions
in Fig. 6. Finally, th4 scabilLty of electron
flow vith F(1r) simillar to those presinted in

Fig. 5. Plot ft rx and I vs. X. for the 0.14 a rig. 6 should be examined under txt conditions of
taper. the large ZV and 1. present in atlf magnetically

53 insulated ttenseision lines.
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Abstract cLosure s due to motion of the cathode

agnet.ically Ln5UlAted VACUUM Strictules plasa across the gap.

(MIVS) can be used to overcom the limitation on 4. Ion flow Across the opp once a plasma has

power flow in liquid dielectrics and dielectric been esablish d at the anode by elaacrron

vacu interfaces Ln pulsed high power leakay e current.

acceeratra. A short ti a,, low-impedance An experimmnt has been doind and

I-- - 501 
0

c4XIal KXVS with a gap Of S M Vs &Agnosatic* eave been developed to Investigate how

studied experimentally. Power flaws of magnetic insulatior. is established and lost in a

1.5 x 1010 - wre observed. The curent coaxial IVS. ther fore providing som Inigh$t on

pulse shoved som erosion before the oneat of the .miations Above.

magnetic insulation. The transverm elect-n The masurements revealed that the width O.

current arilsng from this erosion was obscrved the front whichi establishes magnetic Insulation -s

with rarsday cu i imabddd ii the wall. liagitic much shorter than the length of the MIVZ under

insulation was lost about 60-70 '. Into rho invetiga.tion. Therefore, even though t-.e HZVS 1

pulse. This loss was also observd in short by the conventional definition
1 |L << cT

the Faraday cup% and radiation diagnostics. Tis where I is the length of the structur.e and T Is

loss of magnetic insulation is associated with the rie*tIm of the pulse), It exhibits the

closure of the gap by cathode plasm. prpo .ias t.ich have been attributed In the

Introduction literature to a long structure (I )) cr}.

Magnetically insulated vacuum structures It is suggested, therefore, tha. the

(KIVS) may be usd to overcom limitations on distinction between a *short' and *long structure

power flcw In Liquid dielectrics and dielectric should be based upon a omaparison of the length of

vacuum interfaces in pulsed high power the structure and the width of the propagating

sccelerators. Howevere there axe limIt rtions in front wthih establishes Magnetic insulation.

the energy transport efficiency in KIVS arisin; Measurementsl also revealed that the apparent

from: velocity of the front is substantially lower tnsn

1. Tr.nsverse electron flow in the gap as that predicted by ,e.hoery
2

'
3 for the voltages

aq'etic insulation is established. T.is measured in the experiments.

electron current erodes the front of the While bounds have been established on the

pulse, magnitude of the leakage current which may be due

2. Current loss to the ande due to to instabilities in the electron flow, plasma

instabilities in the longitudinal spae-. closure has been identified as the cause of loss

charge flow once insulation is establiAhed, of magnetic insulation. The current flow across

3. Loss of Insulation due to closure of the the gap, once magnetic insulation is lost, has

gap before the end of the power pulse. This been determined to be due to electrons. Calcula-

tions show that there is not enough eneggy

'Work sponsored by the Defense Nuclear Agency.

0

0



deo aetd Ln %h4 4.-d* to pV~duc* 4 plaSs4 vhich Voltage to the coax (V) wLth 4 9 - 12.6 diode

could be A source of Lonz. load. The d4shed And ..ed umvsfor:s Are th .

6 1 1 1 . I I . . I4
rxer -ntal Ap'.AratuA And Diaqnoscics - VI el
A schee tc of the COIAil KXIVS draw'n to 0

scale. appar: I- rAiure i. -.he figure shose the It
coax n)-'..m toruinAtod withi A lcusinq diode > .. <

0 ,. "

0 A 8 C W E F200

II ItTIME. nsOWLj
il IFigure 2 Voltage and current vaveforna.

Triura i vacu. cozx apparatus.

load. -he inner radius r of the Coax La 6.2 cm, currenta 1() and Z4 at the input and output of the

the radial o'p d Ls ' vAL, and th- qeometrical ooZ- ce5P4cti'Ol7. The ot SLgfcant teatued

Actor4 9 equals 12.6 tj - 600/). To ,nliase of the wveforna ax the foliowin

,he disturbances to t..e spec. chrge t , y ne £a Thar Are About 120 kV on the I--* b4ofore

- QcAX , qd od we" C.oen. Current (O). which Ls -i excess of the dl:-

'M.e coaxial .nhVS was artachd to te oupu placement current. be.gins to flow (A in

2f the CWIL L- accelerator t.hrou$l a biconic Figure 2). This v'oltaqe cor-asponds to a

adapter. This " I TW accelerator with a water mean field at 240 kv CM 1. A field of this

-'alectric coaxial output circuit ha n effective vagnitude Lu equired to achievv field

aource npadance of 1.20. Prepulse was reduced t. emission froom exploding whiskers on the

less than 4.I V peak. cAthaded).

The diagqwsucLs used In the *xperiments ,arem b) The current at %he output (U4) -Isos

1. A vacu, voltage monitor at the input of 20 ne After the current At the Ilnput 10 (AID

.he trans=IsSion Line
S

. In Fqure 2). It is also 40 kU loss than the

:. Sif-1nteqratinq gowski co:ls6 placad current at the Input until shortly after peak

in qroovem Ln the cathode and anode of .he Voltage (B-C in Figure 2), when .xpdanco

struictura their Locations are shown in collapse takes place in U-4 str"uctur. It

F'quro 1. takes place In two phases described below.

3. A u h-currnt graphite shunt 7 was placed c) "I the first phase. t.e current shov an

at the :4 location where electron bomb rdmnt upward inflect'on as the voltaqe peaks and

caused the epoxy potted co l. to fail. then drope (C in Figure 2). As the voltage

4. Faraday cup* consisting of a 0.32-ca-,.d. continues to drop, I* diverges from : and

-ollector, nested in a 0.46-c-diamecer hole som high frequency structure appears on the

,n the anode, shunted to ground vLu a ' 1 14 wavefors (CO L 7 igure 2).

asistor, d) in the second phase. the Input

voltage (Vi) drops 300 kV in a few

Txver'i-ntl Results nanoseconds (DE In Figure 2). The current

.he solid wvefor= in Figue 2 Ls the input at the input (I0) displays an abrupt rise



while a-4 At the output risa slightly. at cup allows A calculation of .the apparent veoocity

firs:, then drops and f la lly clamps. Q! the pulse front, since the distanz, btween the

The signal from the Faraday cups, which yield cups is fixed. r t wveforms o, Fiue 3,
A local measurement of current density at rhe velocity is 6.4 X 107 is 9" 1 whilt the velocity (ar

anode, explains the difference betwen the input seven fl x 4nments prformed under similar

end octput current wavefors displayed in conditions is 5.2 : 1 x 107 as S-1 com es pdng

Figure 2. .,S Faraday cup waveforma apear in to 5 - 0. 17 2 0.4. The spreads in the results a.-e

Figure 3. Te axial locatins o-f M. (dashed standard deviations About the swan of the exti.-

waveform) L-ld rCI (dotted wvefor) ae 3. and mental data for seven experimnts peroryed uneor

8. as fros the cone toc oax transition, identical conditions. Since the voltage behind

reepectlvaly. The solid .ine I the meme figure the front is appaoximately 340 kV, te velocity Is
show t'e difference, !Ioss, between the substantially below the velocity

input (10) and output (I4) currents. 1 -1 0 -IfTo*I0  - 0.5

loth Faraday cups peak At b9e ing oft predicted by present thecries.;' 3

the pulse AS In Figure 3). hae peaks, which The spatial ex&ent ot the front say be calcu-

fit temporally under the broader peak of Iloss. lated under tha assumption ot cnstant ap rent

arise fron transverse electron current. that is, front velocity using a straightforward t - x/U

currisn: flowing across the gap. The signal from transformation. The mean rVWt of the Fo and FC

FC &rises before the sial from 7C1 . This fronts for the same meven expriments are

transvwrso alectron flow (pulse front) is required 6.9 = 2.7 ms and 7.4 1 1.6 na. respectively.

to estAblish magnetic Insulation. Theme values yriald a zo:t width o 37 2 14.3 cm

at both locations. This analysis Indicates that

500 SWalthough the IXVS is %nort compared to the

1-14 characteristic time scales of the experiment, I:

I J O is long cosparad tn the spatial extent at the
rFCo < frnt, which establishos magnetic insulation.

>: The dlierenc* between l 0 and 14 (110,s)

tz shows a low level of transverse electron flog in

u s the interval I-C of Jigures 2-3 after Insulation

~ties been established and before the voltage begin:

* to drop. For the seven experiments, this lossC-

I averages 55 - 20 kA, which is equivalent to

12 1 4 A c,-2. This loss could arise trom in-

• _- i V stabilities in the electron flow.
0 A B C 0 E F200 Experiments were perfore d v'ith filters,

TIME. ns covering the Faraday cups, to discriminate ion

Figure 3 Faraday cup id current loss vaveforns. emission current, which cmuld produce a signal

Another feature of the Faraday cup and distinguishable from electron impact current. The
Smeasurements revealed that the signals were indeedcurrent lomss wevetor1s is th :ise t~hat occursB

timultaneously and has roughly the same duration due to electron impact.

as the drop in voltage (CD in Figures 2 and 3). Gap closure has no. been masured In these
experiments. Indirect evidence of gap closure,

This loss reaches a plateau before there is a
however, was obtained from the current and voltagerapid rise in' the curraent loss and Fraeday cup

signals, which is simultaneous with the rapid drop eforam. It was observed that tha current in

in V, (DIE in Figures 2 and 3). the structure agreed very closely with that cr-

-he time between the t o peaks of the Faraday responding to saturated parapoential flow during
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the tl.-'e Urerval 2-C at riqurv 2 The cu~rrent. Acnwe-aet

bqcsoo substanti.ly larqr thereafter. auqge.tng -he . t.%orzs d4eply appr i'atv t. coo peration

:ht cloture of the qap could be responsible far ot Walter zackztu. JLn.y rigures. Clora :.Auior.

the Increase. Lla Lo l. .x 9connll., and Dan Ptellren Ln

"e j:P hn i saz Li obtaLL.4 as a tuncan t.ti: effort. Special thanksu .re due to Xarz

off .i-%* by 4lvLdd ; t.e current correspondirg to *Lsbhi=oto And .!rlan C-m.nq. who v'er Lnstr%mn-

Saturated flo A" : P A - ZY En ZT - (Y - j/21 by tal in the preparatio.n and fieldinq of t o ox-

.A n,4.ur-d input current (1o0 1M mltipiyLng perim-nt. Zohn C,tdon's qenerous con1ribti.1cns

the qutient by R. Since 9 - W/d. the result at to the interprvtauion of the data Lsa lsa tratu.-

t:e caloulaton i d(it. Ln the clcuLa.Lon !ully acknovlodqed.

IV VV I and 1.3 .8500 A. ?LqUr4 4

liplAys the result at' the calculation vith the 21JEZWIS

v~vat-orvs ot ngure 2. .e plot "wove that d
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"i lataLon i. bdan stabi shed Li the coax. 'Men *nt.. CQnf. on Plasma Physics And Controlled

75p Closu:e beqiL shortly before peak voltage asn . .rvanuclesx Aesoarch, 3erchtes.aden, IZA-

_.0_C_-_5/7T. 1S. S7./PJ/43l, Vienna (10771.

. z. :. Baranchikov, A. V. Cardeev, V. :.

Koraolav, V. P. SL-nov. Proc. o the 'x"

1 syspo.su on Collectlve methods of Accelera-

tion, 271, Dubna (1977).

43. M. OL rzpua and O. 1 1Lnn. J. Appl.
U. O.P ,lhys.., %0791 PirZR-1O09. Physi~cs Zf~ternAt'.ornt

"S. 0. C. ;?111nen and A'. U* OIC2pua

I (unpublished).
6. 0. C. Palinen id P. W. Spnce, ?v. ScL.

Znutr.. 42. 1699 t19711.
7 . C. Pell-nen. 3. S. DiCapus And 'A. iachz..ann

I it (unpublished).

0 A 8 C D E F 20 8. R. X. Parker. j. C. Anderaor. and

T C. 7. Ouncan, .. Appl. Phys.. 45.2463 (1974).TIME. ns

JF.qu*ZQ 4X JAx pap As func-.!on Of ta

.t 'araday -up sir naIs start to rise. The gap in

-he .ax u r been calculated by th..is ,e-.od for

:.severs *xperizntns for wdhich tIe lariday cup

LAta "%&ve b,en discuuied. Before, - Ioure begins.

-he .alcul4ated averaqe qpp is 5.3 : 0.2 =a. vnich

,-oapares well to .!-e 5 ma ap -n the coax. Thu

iverage closure velocity for 5 s ) d > 2 m u
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Abstract to be reduced below 25 n compared to th 10 M- of the

vacuum region In the old tub*.
A ne talti-stage lo-inductance tube for the

coaxial ater generator OWL 1 has been designed. 1v the new tube employ sr.acked insulators and a

Inductance Is achieved by means of & plastic lens in dielect .c lens to achieve high unli.or.y of field

the vater. which produces a field d1stributl.on with grading aloag with tutnis inductance. Friur1 I shov

imp.oved t--1.fority. a J.NSON eloctrostatic field code calculation of the

field in the region of the turn tros -he coaxial to

-Tie Crd1 coaxlal water Jielect-ric generator ?As the radiel line. Naturally the field is roanun orm in

an output transformer i~n~dancm of 1.0 ohm&, an

oper#ting %altage on the tube of 1.5 WJ. and an 1141W
pulse duration of 04 na. The tube originally employed -

a radial Insulator configuration at the turn betveen

tne coaxial water lne and the radial vacum feed. 1

.etube had a lrovster angle interface. which caused Q'\C\x'\ I
the electrotagnotic wave In the water dielectric to

Strike the plAStic insulator at an angle to Its

surf ace. In propagating around the corner irn the

plastic, the wave emerged Into the vacuum with an

electric field distribution that was nonuniform along

the insulator surface. The electric field was lowest

at the triple point wher, the vacuum, plastic, and

cathode surfaces meet and increased by a factor of 2.9

near the anode end of the Insulator surface. This

design was used to reduce the electric field at the $

triple point where electron emission could cause Figure I Electrostatic equlpotentials for CWU . :1
water coax, mult.-stage tube. and

flashover along the entire insulator surface. The radial vicuu= line.

average field along this Insulator surface Ws

43 kV/cm. the coaxial region, and would become uniform in the

radial section if the radial water 14ie wore to extend

Because of recent advances in the design of far enough inwardi however, for co=patibility with the

ault.-taged stacked insulator tubes as well as th. present experimental apparatut, the tue -Insulato: had

age of the original radial tube, a new tube was to be located very near the turn. Figure I shows a 9-

designed and tested. The ob3ective of the new dexign stage tube separatincgs the water from the vacuum

bas to improve the breakdown characteristics so that side. Clearly tha field grading is quite nonuniform.

the probability of breakdown would be less than 1% at and a Simple =altistage tube design would be do::nated

2 V and aess than SO at 2.5 MV. The inductance was by the high electric fields near the cathode surface.
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UNOAAOIO .UJIX GRAOIN CONE , ,-

%WAVCGUUOES DIELECTRI C LE*NS • "

r2.--Z xt'.otds of mprov.q ield .nLfor=ty Lqu. 3 £quipN.ential plot .or CUM :. t

along =ulIt4tg -Issul~tors. with dielectric lsnl I.% water.SeverLal * ."hds have been employed to grads cos.t:1on to t n-l4rs case. VA varied t.s

multistage tb"oe (Figure 21. In high-Lapedanc., oil- *hickn~sx othe Ions Ln .he calcution and found

4rnsulae::d rAchines. A gradln cone Ls placed at .e that the grading along tt LnIslto" is .e01t.WY

o:rn:r, and :"e cathode stalk Is shaped.
2 

-.,%is ae.Ad insensitive to the thlckness of the lens. Tor vaseat

sth :e #tect of roving field Lines cowvrd ate ade fa rication e shaped the lens vith flat sides

plAne, thereby L=-proving the uniformity. In low*- ti&ur . . h* grading rea4ined uniforz along the

-po.'~nce water vct.Ant, a nu ber of vsv guitde$ or stck. Figure 5 shows the distribution of electric

flax ixcluders are used to uide. flux tubts into A field along the tie rod located just outside .th

4.L4for q.adlnq of %hv tube.. he term fflux excluder insulator stack. The field at the xnuckl. in Figure 2

applies L.f these vav* guldes have considerable cross- L2 136 kV/€c. and in the plastic tt is 200 kV/,.

zaction to reduce L pdance mismatches -'I the vater Therefore, the water line I-As A safety factor of

ra.,on. Flux excluders:, Iwever. have the dravbcks __

Of being rounted d1 ectly to the insiuAtors and of -

..4v-nq delicta construction for use in water machines

where mnsiderable w ter shock occurs from --he

Tho rev zubo disacussed thMre =plays a dielectric

.drs --% the region of the turnt :,A ti4 water ive near

%he Arode plane. e lower dielectric constant of --he

plastic draws equipotential lines into that :r'qion.

.fter eaving the plastic they enter the tube

-nsulator with a more uniform distribution. -his

Asin van suggested by :an Smith.

TF gre I shos our Inital electrostatic field

:zlcul:iAton of a dielect*r.Ic Uens for the W. :$X

c.be. The tens act-on is clearly shown, and field Tiu=e 4 Tinal desitn of "L :1

-rading on the insulator Ls Vite -nfor= --n dielectric lens.
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425 104 e=2 . Radially inteior to the insulAtart there is

a constant-impdancv. 5 oh- vacuum reed, vhich then
100 becomes it onst~Ant-qap vacum lrA fftotding the cathodeN shank and diode. The calculated inductance o the

iens insulator stack plus vacum feed up to the constant
75 - gap section is 19 M,.. J% photograph of the tube is

> shown as Figure 7.

No Les

25

0 10 20
DISTANCE ALONG TIE ROD. an

Figure S Zffact of dielectric on field grading
along 9-stage insulator. Distance is
measured from cathode to anode planes.

1.8. The plantic is considerably below the breakow-"

poxnt. On the Insulator the t e-Gependent breakdovn

field is 120 kV/cm, and the avirzg field on the stack

is about 80 k/,' g ing a safety factor or I.s igure 7 Photograph of the now tube.

The physical configuration of the now tube is The grading along the Insulator rings was

show-. L" F19ure 6. The caxst polyurethane dielectric measured by injecting a pulse fr.o the diode and

lens is 23 c long and 3.5 cm thick. The Insulators. observing the grading of the wave. which ref lucts f.on

made of acrylic, are 2.5 c. thick with an angle on tbh the prepulse slab at the far end of the output

surfac2 of 45 degrees. The Insulator area is transformer. The measured grading is shown In

"= " Figure Go clearly the measured effect of the

dielectric lens is quite close to the calculat d

values.

IIA, ,

tcut

0 / °-- -a

diue aout lof a. nr tb n Figure 8 Co-parison of calculated and measured
potential dt Jrb utin al og insulator

stack.
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